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ABSTRACT

The goal of this project is energy conservation. All
the discoveries made during the course of the research are
incidental to this goal. Distillation is a notable example
of a commercial process that can be dramatically improved
through energy conservation. To efficiently operate a
distillation column requires the ability to accurately
monitor the composition of the distillation mixture. It has
been found that Raman spectroscopy, a proven laboratory
technique for composition analysis, can be applied to

industrial composition monitoring.

Practical implementation of Raman spectroscopy in an
industrial setting is constrained by several competing
limitations. The instrumentation must be housed in a benign
environment, while the process, a hostile environment, must
be monitored on-line with a hardened probe. This requires
that the instrumentation and the probe be connected by
optical fibers. Raman scattering is a weak effect, but only
a small fraction of the available Raman energy can be
coupled into the fibers. Consequently, in order to obtain
usable spectra, stringent demands are imposed on the optical
efficiency of the system. Finally, the instrumentation is
expensive, but the market will not bear a high price for

composition measurements. An acceptable cost per monitoring
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point can be realized by using time division multiplexing to
allow the same instrumentation to monitor several points

simultaneously.

All the elements of a prototype composition monitoring
system have been constructed and tested in the laboratory.
The composition readings produced by the system are of
sufficient accuracy to be used for efficient control of a
distillation column. The computerized control system has
been verified with the hardware. The system is ready to be

applied to an actual distillation colunn.
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Chapter 1

INTRODUCTION

Objective

The overall objective of this research is to adapt
Raman spectroscopy, a proven laboratory technique, to in-
dustrial use. [Hecht 87, p. 554] Specifically, this means
the construction of a system capable of sensing the com-
position of a liquid chemical mixture in a distillation
column, and capable of generating composition data that can
be used to control the distillation column. Constraints
imposed by the industrial environment require that the
system have shorter data collection times than the lab-
oratory technique, operate on-line, and monitor several
physically separate points simultaneously. The system is
envisioned as being suitable for use with various distill-
ation columns containing different liquid chemical mixtures.

[Garrison 90]

Why Raman Spectroscopy?

Light scattering involves the absorption and nearly

instantaneous reradiation of incident light. In a dense

transparent medium, the dominant scattering mechanism is




Rayleigh scattering. This process involves the elastic
scatter of incident light. In other words the absorbed
radiation is reradiated at exactly the same energy or fre-

quency. [Hecht 87, pp. 292-294]

Spontaneous Raman scattering is an inelastic mechanism.
The radiation is scattered at slightly higher or lower ener-
gy than the incident light. A vibrating bond in a molecule
(which can be viewed as electrons vibrating relative to
stationary nuclei) can be treated as an oscillating electric
dipole. This dipole can absorb energy from or donate energy
to the incident photon. Therefore, when the photon is Raman
scattered, the frequency of radiation is shifted by an
amount equal to the energy of a molecular vibration. Because
different molecules contain bonds that vibrate at character-
istic frequencies, the Raman spectrum of a chemical is very
characteristic of that compound. The Raman spectrum (the
offset of the Raman scattered light frequency with respect
to that of the absorbed light) of a material is also inde-
pendent of the frequency of the incident light.

[Hecht 87, pp. 553-555]

Both Rayleigh and Raman scattering occur simultaneous-
ly. In both Rayleigh and Raman scattering the re-radiated
photons propagate in random directions, and can be con-

sidered isotropic processes. Raman is the less efficient




phenomenon. Typically, for every million photons which are

Rayleigh scattered, only one will be Raman scattered.

Raman scattering was chosen for this project because it
allows for high resolution spectroscopy for a broad range of
chemicals. The spectral features are reasonably intense and
narrow as contrasted to a blank background. For example,
Figure 1-1 shows a Raman spectrum for benzene. In a mixture,
the spectral features of the different components may be
very close together, but they can still be resolved since
they are very narrow. Distinct features for a wide range of
chemical samples appear within a limited bandwidth.

[Garrison 89, pp. 45-59]

Other techniques were considered but rejected.
[Garrison 89, pp. 5-15] Chromatographic methods are not
suitable because data collection time can be lengthy and
extensive plumbing is required to sample the process.
Sampling is expensive, prone to failure, and effectively
eliminates the analysis of liquids containing dissolved
solids. Nuclear magnetic resonance uses intense
electromagnetic fields that would be perturbed by stray RF
and moving metal in an industrial environment. Mass
spectrometers are suitable for industrial process control of

gases, but not liquids. Absorption spectroscopy in
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ultraviolet, visible or near infrared relies upon having an
absorbing species present (often not the case) and lacks the
resolution needed for distillation control. Mid-infrared
absorption spectroscopy involves the use of brittle, water
soluble window materials and expensive optical fibers.
Reflection techniques will not work since the chemical

samples of interest are clear.

Phases of the Project

The research is organized into three phases.
[Garrison 89, pp. 81-82] Phase 1 investigated the
practicality of Raman spectroscopy as a technique for
sensing the composition of mixtures in a distillation
column. This phase was started in March 1988 and was
finished in July 1989. The work was conducted under DOE

Contract DE-FC07-88ID12691.

The feasibility of using Raman spectroscopy to analyze
distillation mixtures was demonstrated as follows: Several
laboratory analyzers, including a table-top version of the
on-line analyzer were used to analyze different
concentrations of representative distillation mixtures. They
produced chemometric composition predictions of sufficient
accuracy to provide precise control of distillation columns.

On this basis, Raman spectroscopy was judged to be a




feasible technique. The details of the phase 1 work are

recounted in the literature and need not be repeated here.

[Garrison 90]

Details of the development of the prototype system from
the beginning of phase 2 through the testing of the system
elements are covered in this thesis. The task in Phase 2 is
to build, test, and refine a working prototype of a
multiplexed on-line analyzer. This phase is currently under
way, having started in August 1989. It will be completed in
May 1991. This work is being conducted under DOE Contract

DE-FC07-88ID12691 (extended).

The analyzer is based on Raman spectroscopy. It is
capable of remotely monitoring the chemical composition at
five different points, each located 10 meters or more from
the spectroscopic equipment. After laboratory testing, it
will be installed on the UT Chemical Engineering Department

isopropanol column.

Phase 3 will consist of installing the prototype on
industrial distillation columns and using the data generated
by the Raman system for column control. It will start in
June 1991. Funding of phase 3 depends on the successful
completion of phase 2. No official end date for phase 3 has

been established.




A schematic diagram, showing the system in an in-

dustrial setting, is shown in Figure 1-2. The system will
monitor four columns and a calibration sample. Its first
test in a commercial environment will be on a Tennessee

Eastman column in Kingsport, Tennessee. A diagram of the

Eastman column is shown in Figure 1-3.

Support

This research is being conducted by the UT Measurement
and Control Engineering Center. It is primarily funded by
the U.S.Department of Energy, Idaho Operations Office, to
develop a new energy conservation technique. It is based on
the observation that effective control of distillation
columns would reduce the national energy consumption by 0.3%

[DOE 87].

Facilities, chemical samples, and technical con-
sultation are being provided by major chemical companies
such as Tennessee Eastman and Hercules. In addition to
energy cost reductions, they anticipate substantial cost
savings from improved efficiencies in chemical production
due to precise control. [Garrison 89, pp. 77-80] Equipment

has been loaned and/or donated by manufacturers such as Dow

Chemical and Perkin-Elmer.
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Units of Measure

Several units of measure of the wavelength of light are
used in this thesis. In describing the light output of a
laser, the light is characterized by its free space
wavelength, usually measured in microns (u). In describing
spectra, the units used are those commonly used by
spectroscopists. Wavelengths in spectra are often measured
in terms of wave numbers (wn or cm-1). Physically, the wave

number of a given light beam is the number of waves of light

per unit length. [Hecht 87, p. 16]




CHAPTER 2
EXPERIMENTAL DEMONSTRATION OF FEASIBILITY
What Demonstrates Feasibility?

A feasible composition monitor is one that produces
chemometric predictions within three minutes with a total
RMS error (not relative error) of two percent or less.
[Garrison 89 p. 4, 75-78] Several different systems have
been constructed and used to collect Raman spectra for
typical distillation mixtures. These spectra have been
analyzed by several chemometric technigques. Chemometric
predictions with sufficiently low errors and collection
times to provide distillation control have been made. These
predictions demonstrate that a fiber optic based Raman

spectroscopy system is feasible.
Free Optics

The scheme referred to as "free optics" is shown in
Figure 2-1. [Garrison 90] This is an alpha test version of a
commercial Raman analyzer that Perkin-Elmer proposes to sell
commercially. It includes a neodymium doped yttrium aluminum

garnet (Nd:YAG) [Hecht 87, p. 487] continuous wave (CW)

11
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laser that produces about 900 mw at 1.064 microns. The laser
is a CVI Laser Corp. Model C95. Laser output is filtered
through a line filter (LF) to assure spectral purity. It is
attenuated to the desired power level by a neutral density
filter wheel (FW), with the unwanted power absorbed by a
beam dump (BD). The beam is directed to the sample by
mirrors M1 and M2 and a small reflecting prism cemented to
lens Ll. The sample (contained in a quartz cuvette) scatters
the laser light in all directions by the Rayleigh and Raman
mechanisms previously described. The light scattered into
the solid angle subtended by lens Ll is focused by the lens
system L1l and 12 into the Jacquinot stop of a Perkin-Elmer
Model 1720 interferometer. The interferometer includes long
pass filters to suppress the Rayleigh scattered light, while
allowing the longer wavelength Raman bands to pass. The
spectral data collected by the interferometer is passed to a
Perkin-Elmer Model 7500 computer (a microcomputer based on
the 68000 microprocessor) via an IEEE-488 bus. The computer
is used for a wide range of operations, such as storing the
spectra to disk, plotting, chemometric analysis, and many
others. This setup is a typical laboratory Raman analyzer.

[Hecht 87, p. 554)

13




System with Short Fibers

The Perkin-Elmer free optics analyzer is not directly
suitable for on-line use since it requires the sample to be
contained in a cuvette in the sample chamber. However, the
major elements of the system were used in a table-top
version of an on-line system as shown in Figure 2-2. Laser
output is directed into a 5X microscope objective with a
numerical aperture of 0.12. This focuses the collimated
laser beam onto the core of an optical fiber. The light is
then conveyed by the fiber to a probe whose end is immersed
in the liquid sample. Light emerging from the probe is
scattered by the sample by the Rayleigh and Raman mechanisms
as previously described. A portion of the scattered light is
coupled into the receiving fibers of the probe. This light
is then conveyed by a bundle of fibers to the
interferometer. The light from the fiber bundle is imaged
into the Jacquinot stop of the interferometer by a two lens

system.

The probe consists of a bundle of receiving fibers
surrounding a single exciting fiber. Two probe designs were
tested. Both designs are shown in Figure 2-3. The 4-around-1l
design is built by EIC Corp. The 6-around-1 design is
patented by Dow Chemical Corp. [McLachlan 86] For both

probes, the fiber leads are only a few feet long.

14
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E - Exciting Fiber
R - Receiving Fiber

EIC Design

Figure 2-3. Fiber Optic Probes




System with Long Fibers

Preliminary testing with long optical fibers was done
with the system shown in Figure 2-4. This is similar to the
table top scheme shown in Figure 2-2, but it has been
modified to accommodate disconnectable long fibers. Laser
power is coupled into a long excitation fiber, the other end
of which is connected to center fiber of the sample head
through a bushing and SMA connectors. The sample head uses
the Dow patented six around one probe design. All six
receiving fibers of the sample head are connected to the
receiving fiber bundle through bushings and SMA connectors.
Similar connections are used to connect the receiving bundle

to the spectrometer head.

Spectra and Chemometric Predictions

The output of the analyzer is the chemometric
prediction of the composition of a chemical mixture. The
whole object of this research is to produce chemometric
predictions within a desired degree of accuracy. All other
spectra, data, and computations are incidental to this
purpose. The goodness of a system is judged on how close the

chemometric prediction is to the actual composition.

17
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The key finding of this research is that both the short

and long fiber based systems produced spectra and chemo-
metric predictions of sufficient quality to control a
distillation column. Typical Raman spectra for a variety of
chemical samples, collected with several different systems,
are shown in Appendix C. Both the short and long fiber based
systems produced chemometric predictions with an error of
less than two percent RMS, the accuracy needed for column

control.

The accuracy of the short fiber based system in
predicting the composition of distillation mixtures is shown
in Figure 2-5. The Eastman column distills an acetic extract
mixture. The UT Chemical Engineering column distills an
isopropanol mixture. The Hercules process monitors a cumene
mixture. See Appendix D Section 1 for chemical details of
the mixtures. For each mixture, four samples were analyzed
with the system depicted in Figure 2-2. The RMS errors using
the 1220-620 band spectrum are indicated in the bar graph.
Two analyses were made for each sample, one with a
collection time of 2.2 minutes (16 scans), and one with a
collection time of 8.7 minutes (64 scans). Detailed analysis
of the accuracy of the chemometric predictions is included

in Appendix D.
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Note that for the long fiber system, spectra were only
taken for a collection time of 8.7 minutes (64 scans).
Available laser output was only 500 mw and spectra taken for
short collection times would have been too noisy for
accurate chemometrics. However, the chemometric results for
64 scans indicate that similar results will be obtained in
2.2 minutes (16 scans) when a full watt of laser power

becomes available.

Chemometric Analysis Algorithms

Chemometric analysis can be viewed as a vector
transformation. The input is a long vector (dozens or
hundreds of elements) representing spectral intensities. The
output is a short vector (as many elements as there are
components in the mixture) representing concentrations of
each component. Several matrices transform the spectral

intensity vector into a concentration vector.

The problem of obtaining the transformation matrices,
or "training" the system, consists of using a number of
known pairs of vectors (that is, a known sets of
concentrations that correspond to known spectra) to deduce

the transformation. This can be done with various regression

algorithms.




The two algorithms considered for Raman spectra were
multiple linear regression (MLR) and partial least squares
regression (PLS). [Martens pp. 63-64, 112-163] [Massart 88]
Both are implemented in commercial software packages. MLR
analyses reported in Appendix D use the CIRCOM package
furnished with the Perkin-Elmer equipment. PLS analysis of
the Eastman mixture reported in Appendix D was performed by
Sprouse Scientific Systems, using the Sprouse commercial

package. [Sprouse 89]

The chemometrics algorithm implemented in the PC based
control system uses factorization and multiple linear
regression. [Fredericks 85b]. The spectra are represented in
a matrix D in which each column is a vector of spectral
intensities for a training sample. The information in D is
compressed by forming Z = D'D, the product moment matrix.
The eigenvectors of Z form the loading matrix L, and the
eigenvalues of Z are the diagonal elements of the matrix
[»]. The eigenspectra, or factors, F, are the set of
vectors, a linear combination of which will form any of fhe
training spectra. The factorization is F = DL. The largest
eigenvalue represents the most information and the least
noise. The smallest eigenvalue represents the least
information and the most noise. In view of this, the
matrices F, L, and [»] are arranged with the eigenvalues and

corresponding columns progressing from greatest to smallest
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left to right. Several of the rightmost columns can be
eliminated from the analysis, since they represent error.

[Malinowski 77a]

The regression is based on a reduced and augmented
loading matrix, L,. This matrix is formed by eliminating the
noisy columns from L and augmenting with column of 1's on
the left. The regression matrix is g = (L;LZYJL;P, where P
is the matrix of composition vectors of the training

samples.

Analysis of an unknown spectrum is a three step
process. First, the loading is formed. The loading is the
row matrix ulL, = [A]quU, where U is the intensity vector of
the unknown spectrum. The loadings have varying amounts of
correlation with the concentrations in the training samples.
By eliminating those elements from the loading whose
correlation with the concentration is less than 0.1, the
accuracy of the analysis can be improved. Since the
correlations between the loading terms and the
concentrations are different for each component of the
mixture, the process must be repeated for each one. The
result is a loading matrix, uL;, with as many columns as uL,
and as many rows as there are components in the mixtures

used as training samples. The composition of the unknown is

P = BuL;.
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Partial least squares is a similar technique, but does

not presume a linear relationship between a spectrum and a
property. ([Martens pp. 118-119] There is no clear
indication that PLS is a superior performer to MLR. For the
Eastman mixture, MLR produced consistently lower errors. For
petroleum mixtures, Seasholtz and his associates found that
PLS gave consistently better results than MLR.

[Seasholtz 89]
Impact of These Experiments on Hardware Specification

The excitation wavelength for these experiments was
1.064 microns. The spectra shown in Appendix C are
satisfactory despite the fact that Raman scattering is weak
in the infrared. Raman intensity decreases with the fourth
power of excitation wavelength. [Hecht 87, p. 294] Visible
light is not suitable for Raman spectroscopy of distillation
mixtures due to fluorescence. [Garrison 89, pp. 26-44] A
number of other researchers have reported successful results
at 1.064 microns. [Seasholtz 89] [Everall 89] At the
current level of laser and detector technology, 1.064
microns seems to be the most practical wavelength for

excitation for Raman spectroscopy.
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A resolution of two wave numbers is required for a

general purpose instrument. The system must be able to
distinguish components with a low concentration from similar
components having a high concentration. High resolution is
required to prevent the large spectral feature from swamping

the small one.

For example, in the cumene oxidate mixture, the system
must be able to distinguish between the acetophenone feature
at 737 wave numbers and the cumene feature at 746 wave
numbers (Figure 2-6). It would appear that a nine wave
number resolution should resolve the features. However, the
cumene is at a much higher concentration than the
acetophenone, and both features have a finite width. In
Figure 2-7, spectra of cumene oxidate taken at two and four
wave number resolution are overlaid. The small shoulder in
the two wave number spectrum is the acetophenone feature. In
the four wave number spectrum, it vanishes completely,

having been swamped by the cumene feature.

In addition to high resolution, the system requires
high bandwidth. 600 wave number bandwidth was required to
obtain the best chemometric accuracy in the short fiber
system. Since the system must operate with high resolution,

high bandwidth, and high throughput, all at the same time, a
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grating spectrometer will not meet the requirement. This
limitation is consistent with the theory of spectrometers.
[Bell 75, pp. 23-25] The main advantage of a grating
spectrometer is that no optical filtering is needed to
eliminate the Rayleigh line. However, this has not been a
problem in these experiments. All the interesting spectral
features of the mixtures of interest have a Raman offset of
more than 600 wave numbers from the excitation. They are not
attenuated significantly by the long pass filter in the

interferometer system.
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CHAPTER 3

DISCOVERIES MADE DURING SHORT FIBER EXPERIMENTS
Summary of Discoveries

Incidental to producing the chemometric results in-

dicated in Chapter 2, a number of interesting experimental

discoveries were made. The probe must be protected from
being attacked by the sample, but the performance cost of
} the protection is not great. The region in which useful
Raman energy is generated extends approximately 100 mm from
3 the probe tip. The Dow probe has stronger coupling than the
EIC probe in the band of interest for chemometrics. The
isopropanol line height varies non-linearly with the
isopropanol concentration in an isopropanol water mixture.
Noise in the observed spectrum is independent of the

excitation power. Over a span of hours, the height of the

Raman features tends to drift.
Window
It is not desirable to expose a fiber optic probe

directly into a liquid sample. The sample may (and quite

often does) damage the probe. A quartz window 1 mm thick at
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the end of the probe is used for the short fiber

experiments.

; Both the Dow and EIC probes are affected by direct
immersion in the sample. The fibers in the EIC probe are
held in place with an epoxy that softens in acetic acid. The
Dow probe is held in a steel shell that rusted after
repeated exposure to various samples. To avoid further probe

damage, the use of windows was investigated.

Interposing a window between the probe end and the
sample adds loss to the system. Losses were measured with
the Dow probe and found to be less than one dB. Results are

listed in Table 3-1.

Table 3-1. Attenuation Through Quartz Window

Bare Through
Probe: Window: Degradation:
S/N S/N S/N
Signal Ratio Signal Ratio Signal Ratio
Sample %T dB %T dB dB dB
Benzene 20.48 21.65 17.72 20.72 0.63 0.93
Isopropanol 2.04 12.68 1.7 11.89 0.79 0.79
Acetic Extract 0.65 8.59 0.59 7.71 0.42 0.88
30




There are other possible window materials besides

quartz. Diamond and sapphire windows are often used for this
kind of application. However, both have a high index of
refraction. Diamond has an index of refraction of 2.4.
[DeBeers 89] Sapphire has an index of refraction of 1.75.
[Melles Griot 85, p. 65] On the other hand, indices of
quartz, silica, and most of the samples range between 1.35
and 1.62. [CRC 81 p. C-72, C-78, C-142, C-244, E-380-1],
(Melles Griot 85, p. 56] Hence, there is very little
reflection loss in the present system. If a high index
window is placed between the fiber and the sample, it would
add a substantial reflection loss. [Hecht 87, pp. 81-87] The
exciting signal would pass through two interfaces, and the
scattered signal would pass back through the two interfaces.
All these reflections would accumulate and dramatically

reduce the intensity of the detected signal.

Care must be taken to assure that the probe is tightly
seated to the window. If there is an air gap between the end
of the probe and the window, additional attenuation is
introduced due to reflection loss of four new air-glass
interfaces. Also, the Raman scattering in the excitation
fiber is reflected from the window and coupled into the

receiving fibers.
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Where does the Raman Scattering Occur?

For the Dow probe, the Raman scattering that is detected
by the probe occurs at a distance of 10 to 100 mm from the
end of the probe. The experimental demonstration of this is
recounted in Appendix E. Since the Raman scattering is much
further than 1 mm from the end of the probe, it is not
surprising that a 1 mm window on the end of the probe does

not significantly interfere with the its operation.

Comparison of Dow and EIC Probes

A comparison of the spectra in Appendix C leads to an
unexpected discovery. For cumene, acetic extract, and
isopropanol, the free optics and EIC probe spectra show
features in the 1500-1400 wave number band. However, these
features are not present in the spectra taken with the Dow
probe. This suggests that the Dow probe filters out features

in this band.

This was tested as follows. A spectrum (Figure 3-1) for
"white" light was taken directly at the input of the
interferometer. A spectrum (Figure 3-2) of the same light
was taken through the Dow probe. Finally, the response of
the Dow probe (Figure 3-3) was calculated by dividing the

data in Figure 3~2 by the data in Figure 3-1. This shows
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that there is a cutoff in the 1400 wave number area and an
even more dramatic one in the 2500-2000 wave number area. It
is fortunate that the probe has good transmission in the
1200-600 wave number band, the region containing most of the

information used by the chemometric software.

A similar study was made of the EIC probe. An
interferometer base line was taken (Figure 3-4). A spectrum
of the white light through the EIC probe was taken (Figure
3-5). The data in Figure 3-5 were divided by the data in
Figure 3-4. The resulting normalized response is shown in
Figure 3-6. This shows that the EIC probe has essentially

flat response throughout the range of interest.

Despite its peculiar frequency response, the Doﬁ probe
is a more consistent performer than the EIC probe. Spectra
were run with both probes, and using free optics, for three
different samples. Excitation to the sample was about 500 mw
for all cases. The probe was in the quartz sleeve for all

fiber optic measurements. Peak intensities are listed in

Table 3-2.
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Table 3-2. Comparative Raman Peak Values

Peak %T: Dow Free

EIC Dow Free vSs. vs.
Sample Probe Probe Optics EIC Dow
Acetic Extract 0.18 0.62 1.70 5.37 dB 4.38 dB
Cumene 1.80 3.18 6.51 5.72 dB 3.11 dB
Isopropanol 0.53 1.70 3.35 5.06 dB 2.95 dB

For the purpose of chemometric analysis, a system that
gives five dB higher signal level in the 1220-620 wave
number band and poor response everywhere else is more
valuable than a system that gives a low flat response across
a wide band. Thus, the Dow probe is the more desirable of

the two.

One other conclusion can be drawn from the data above.
Although it was not done at the same time, measurements on
benzene at 520 mw excitation with free optics produce a peak
intensity of 61.98 %T, 650 mw excitation with the Dow probe
produce a peak intensity of 17.72 %T. If the Dow probe
reading is normalized to 520 mw the peak would be 14.17 &T.
Thus the free optics produces a signal 6.4 dB stronger than
the Dow probe for benzene. Taking this result and the data
tabulated above, it is apparent that the performance cost of
going from free optics to a Dow probe is in the range of 3
to 6 dB.
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Non-linearity of Isopropanol

For most chemicals, the intensity of the Raman features
is linearly proportional to the concentration of the
component. This proposition is the basis for using multiple
linear regression to do quantitative analysis. However, as
seen in Figure 3-7, this is not true for the isopropanol
water mixture. The isopropanol peak is a slightly non-linear

function of the concentration of isopropanol.

The explanation for this effect is as follows: In most
mixtures, the components act independently of each other.
Each component scatters light in proportion to the number of
scatterers present, leading to the linear effect described
above. However, both the isopropanol and water molecules
have a hydroxyl radical. This causes some interaction in the
scattering behavior of the two molecules, and leads to the

non-linear response. [Garrison 89, p. 45]

Limits on System Performance

The detector/amplifier system used with the Perkin-
Elmer 1720 interferometer consists of an indium gallium
arsenide detector and a transimpedance amplifier, both
contained in a Dewar flask and cooled with liquid nitrogen.

The literature says that, for an infrared interferometer,
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system performance is ultimately limited by

detector/amplifier noise. [Bell 75, pp. 23-25] The
limitation arises from the fact that in addition to
detecting a signal and increasing its strength, a
detector/amplifier system adds some artifacts of its own. If
the amplifier is presented with a very weak input signal, it
may be impossible to distinguish the signal from the
background artifacts. [Millman 67, pp. 472-479] These
artifacts can be generated by deterministic means (spurious

signals) or by random means (noise).

Spurious signals can be generated by various
mechanisms. The most notable are parasitic oscillations,
power frequency pickup, and microphonics. Parasitic
oscillations arise from the fact that stray capacitances,
inductances, and resistances lead to signal paths not
anticipated in the system design. These can lead to feedback
that can cause the amplifier to oscillate. This can be
remedied by using a physical layout that minimizes stray -
component effects, and by using shielding to break up the
feedback paths. Power frequency pickup arises from the fact
that nearby power system wiring emits an electromagnetic
field that induces a power frequency signal into an
unshielded amplifier. In addition, if the amplifier and
power supply are not properly grounded, then power frequency

energy can be coupled into the amplifier. Microphonics are
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caused by the fact that sound induces physical vibrations in

the components of the amplifier. The vibrations cause the
electrical properties of the components to vary, and this
variation is superimposed on the amplified signal.
Observations done with an oscilloscope and a spectrum
analyzer on the Perkin-Elmer detector/amplifier system
indicate that, when properly connected, all three spurious

signal effects are insignificant.

Noise is also generated by several mechanisms. The two
most notable noise mechanisms are Johnson noise and shot
noise. Johnson noise is a random fluctuation in signal due
to thermal agitation of the electrons carrying the signal.
The RMS value of Johnson noise voltage is V2 = 4KTRAf, where
K is Boltzmann's constant, T is the absolute temperature of
the device, R is the resistance of the device, and Af is the
bandwidth of the signal being amplified. Note that noise
depends on bandwidth, but not absolute frequency. Hence, in
the power spectrum of Johnson noise, the power in the noise
is essentially independent of frequency. It is white noise.
Shot noise arises from the fact that electric current is the
flow of a finite number of electrons, each carrying a
discrete charge. The RMS value of the noise current is
1% = 2eIsf, where e is the charge of an electron, I, is the
signal current, and af is the bandwidth. Again the signal is

white noise, its energy being independent of frequency. It
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is notable that Johnson noise is independent of applied
signal strength, but shot noise increases with the square

root of signal strength.

Several experiments reveal the character of the noise
that limits the performance of the Perkin-Elmer
detector/amplifier system. In one experiment, spectra were
taken by free optics for benzene samples for a range of
excitations from 50 to 500 mw. The benzene peak varied
linearly in the range, but the noise peak stayed
approximately constant. Noise did not increase with

increasing excitation.

Another experiment observed the detector spectrum with
all light sources cut off. At 16 scans the peak was 0.13. At
64 scans, the peak was 0.08 as shown in Figure 3-8. These
levels are consistent with spectra of many different samples
taken at 16 and 64 scans. The experiment bears out another
well known principle. When making measurements in a noisy
environment, the average of many'measurements causes the
noise to cancel out. The amount of noise measured goes down
as the square root of the ratio of the number of
measurements taken. [Kreyszig 67, pp. 790-798] A result
based on 64 scans has 4 times as many readings as a result
based on 16 scans. Thus, it is expected that the result of

64 scans should contain half as much noise as the result of
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16 scans. The above experiment shows this to be

approximately true.

The foregoing observation indicates why spectra for
chemometrics were taken at both 16 and 64 scans. The signal
to noise ratio of the 64 scan spectrum is 3 dB better than
the signal to noise ratio of the 16 scan spectrum. The
goodness of the chemometric prediction depends on the signal
to noise ratio rather than the absolute signal level. Thus,
while the 16 scan result is an indicator of system
performance, the 64 scan result is a predictor of system
performance if a 3 dB improvement in performance can be

found.

The variation of noise with detector temperature was
observed for acetic acid spectra. Spectra were taken for the
same acetic acid sample with the detector at room
temperature and with the detector cooled with liquid
nitrogen. Both spectra were the average of 128 scans. Noise
is defined as the peak intensity in the 2600-2000 wave
number band. For the hot detector the noise was 0.18 %T. For
the cold detector, the noise was 0.03 %T. In this
experiment, cooling the detector/amplifier system from room
temperature to liquid nitrogen temperature reduced the noise

by a factor of six.
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These observations show that the system performance is

limited by noise. The noise is independent of the strength
of the applied signal. The noise in spectra is reduced by
increasing the data collection times. The noise is strongly
dependent on detector temperature. These facts indicate that
the limiting mechanism is Johnson noise. In a mathematical
analysis of the system made by Dr. M. J. Roberts, the
limiting mechanism was further narrowed to the Johnson noise

arising from the first stage of the amplifier. [Roberts 89]

Raman Scattering by Water

Comparison of Figures 3-8 and 3-9 bear out the idea
that water is a weak Raman scatterer. In fact the Raman
spectrum for water cannot be distinguished from noise. The
800-600 wave number band peaks of Figure 3-9 appear to be
glass artifacts from the vessel containing the water.
Similar artifacts can be seen in Figure 3-10, the spectrum

for an empty quartz cuvette.

Line Height Drift

One other surprising observation was a large amount of
drift in the peak intensity of the spectrum over a span of
time. Figure 3-11 shows the variation in peak intensity of a

benzene spectrum over a span of 10.5 hours. A spectrum was
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taken with the same benzene sample every half hour. The

laser was left on for the entire period.

These results demonstrate the need for a calibration
standard. When a large number of readings is taken for
chemometrics, a reading against a known calibration standard
should be taken from time to time. The spectra may need to
be multiplied by a correction factor if the peak intensity

of the calibration standard drifts.
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CHAPTER 4

PROPERTIES OF LONG FIBERS

Summary of Discoveries

Since the properties of the long fibers will affect the
signal to noise performance of the analyzer, it was
necessary to measure them. Two bundles of 400 micron core
silica core silica clad fiber were tested. The bundles had
seven fibers, one for excitation and six for receiving. One

bundle was 35 meters long, the other was 10 meters long.

The following properties were observed. Numerical
aperture was approximately 0.33. Connector loss per
connection was 0.9 dB average, with a standard deviation of
0.16 dB. Fiber attenuation was too small to measure
accurately. For consistently adequate signal to noise
performance for the Eastman mixture through long fibers, a
laser that delivers 2 watts to the microscope objective is
needed. Fiber performance was independent of temperature in
the 0°C to 40°C range. Significant silica Raman scattering

occurred in both the 10 and 35 meter fibers.
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Numerical Aperture and Attenuation

Numerical aperture was measured by the method described
by Newport and found to be about 0.33. [Newport 86] See

Appendix F.

Standard SMA connectors and bushings are used to
connect the fiber bundle to the fiber optic probe and the
spectrometer head. As reported in Appendix G, for 108
measurements of several connector combinations, the loss per
connection was found to have a mean of 0.9 dB and a standard

deviation of 0.16 dB.

It was expected that an estimate of the attenuation of
the long fibers in the Raman wavelengths could be obtained
by comparing the intensities of spectra taken through fibers
of different lengths while keeping the laser power and other
factors constant. However, it soon became apparent that the
attenuation in the fibers at Raman wavelengths was much
smaller than the uncertainty in the other steps of the
measuring procedure. For example, consider the intensities

of acetic acid spectra listed in Table 4-1.
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Table 4-1. Intensities of Acetic Acid Spectra

Fiber Acetic
Spectrum Length (m) Scans Peak
al62235 35 16 0.49
al6220 0 16 0.44
al282235 35 128 0.43
al28220 0 128 0.42

(Note: Fiber length of 0 means that the
connector at the end of the 1 meter probe
pigtail was placed directly into the focus of
the 5X microscope objective. The 35 meter
fiber was connected to the probe through a
bushing.)

Remarkably, the power intensity of the spectrum is a
little higher for the 35 m fiber and one splice than

coupling directly into the probe excitation fiber pigtail.

This indicates that the amount of attenuation in the fiber
is less than the amount of fluctuation in the laser power

and the reproducibility in the laser to fiber coupling.

An experiment to obtain an estimate of attenuation at
excitation wavelength was conducted as follows. The laser
output was coupled to a 10 meter excitation fiber through a
5X objective, and power into the objective and out of the

far end of the fiber were measured. The same procedure was

55

o




repeated for the 35 meter excitation fiber. It was found
that the 35 meter bundle output was .02228 dB less than the
output of the 10 meter bundle. Since all other conditions
were the same, the .02228 db in added loss is attributed to
the 25 meters of added length in the longer fiber. Multiply
this value by 40 and an estimate of 0.89 dB/km is obtained.
For 70 meters of fiber, the attenuation is .07 x .89 = 0.062
dB. The fiber loss is less than the 0.16 dB standard

deviation in connector loss described earlier.

Signal to Noise Performance

Two bundles of 400 micron core fibers were tested. Each
bundle had seven fibers, one for excitation, and six for
receiving. One bundle was 35 meters long, and the other was
10 meters long. Several spectral observations were made
using the 35 m bundle. Laser power on input side of 5X
objective was measured to be 440 mw. Raman spectra for 25
ml of each sample were taken. The desired signal is the peak
value of the Raman feature of the sample. The undesired
signal is the peak of the silica Raman feature. Noise is
the peak in the 2520-1820 cm-1 band. Receive fiber was 35

meters for all observations. Results are listed in Table

4-2 L]
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One conclusion is apparent from the data. For acetic

acid spectra with 17.3 minute collection times, the signal
to noise ratio varies from 8.6 to 11. A signal to noise
ratio of 11 was obtained for the acetic acid spectrum taken
during the short fiber chemometric experiment (Chapter 2).
To obtain dependable chemometric quality spectra with the
long fiber system in 2.2 minutes, the performance of the
present system must be improved by a factor of 2.83 to
reduce the collection time, and by another factor of 11/8.6=
1.28 for consistent performance. The total improvement
needs to be 2.83 x 1.28 = 3.62 = 5.6 dB over the current
system, which uses 440 mw input to the microscope objective.
One way to do this would be to use a two watt rated laser

that actually delivers two watts to the objective.

Temperature Sensitivity of Long Fiber

White light response of the 35 meter fiber bundle was
measured by shining a flashlight into the fiber bundle and
taking the spectrum with the interferometer. The flashlight
spectrum was also measured directly with the interferometer.
The fiber spectrum was divided point by point by the
interferometer input spectrum to yield wavelength response
of the fiber. Responses were collected for the fiber at 23°C

and at 40°C. Both spectra are essentially flat throughout
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the 2940 through 580 wave number band, with the exception of

a dip in the wavelength response in the 2289-2089 wave
number band. The wavelength responses are shown in Figures
4-1 and 4-2. The dip is 5.66 dB down from peak at 40°C and
5.42 dB down from peak at 23°C. This temperature change
causes no significant change in the wavelength response of

the fiber.

Cyclohexane spectra were also obtained with 2.2 minute
collection times at various temperatures to determine if the
collected spectrum changed as a function of fiber
temperature. Spectra were collected utilizing 35 meter
fibers on both the excitation and receiving sides. At room
temperature with 230 mw at the sample, the maximum band
height was 1.18. After the fibers were cooled in ice water
for an hour, the signal level decreased slightly to 1.12.
On a different day, a new spectrum was taken at room
temperature with a power level of 340 mw at the sample
(Figure 4-3). The maximum band height was 1.90. The fibers
were warmed in water to 40°C for an hour, and the maximum
band height was 1.89. Comparison of the spectra shows that
no new features were introduced due to changing

temperatures.
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Response of 35 m Fiber at 23 C
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Figure 4-1. Response of 35 m Fiber at 23°C
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The conclusion of these experiments is that temperature

variation over the range of 0°C to 40°C does not affect the

performance of the 35 meter fiber bundle.
Silica Features in Long Fibers

All the spectra taken through the long fibers include
broad Raman features with local peaks at 1535, 817 and 516
wave numbers. These can be seen in the 35 meter fiber
spectra in Appendix C. The intensity of the peaks is found
to vary with the length of the fibers. Other researchers
have attributed these bands to Raman scattering due to

residual hydroxyl in the silica fiber core. [Williams 90]

The silica Raman feature at 817 wave numbers is broad
enough to cause conflicts with many chemicals of interest.
These include the acetic acid feature at 893 cm-1, the
solvent feature at 821 cm-1, and the isopropanol feature at
825 cm-1. These are the features that produced the short

fiber chemometric results.

One possible way of overcoming errors introduced into the
chemometric predictions due to this silica feature is to

perform chemometric analyses based on spectral features at
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larger Raman shifts than the silica features. No major

silica features were observed at Raman shifts greater than
1750 cm-1. With liquid nitrogen cooling, the detector half
power offset is 2892 cm-1 for white light. At room
temperature, the detector half power offset is 3422 wave
numbers. By using a cooling temperature higher than liquid
nitrogen, the acetic feature at 2947.5 cm-1 becomes very
strong, and the isopropanol/solvent feature at 2875 cm-1
would be strengthened. This may provide better chemometric
predictions than the features in the 900-800 cm-1 band. The
higher noise due to higher detector temperature might
require some additional laser power. This approach would

eliminate the need for liquid nitrogen.

Since the cumene oxidate components are stronger Raman
scatterers than the components of the other mixtures, and
since they fall between the silica features, there should
not be much of a problem with the cumene predictions. The
cumene feature at 746 cm-1, the acetophenone feature at 732
cm-1, the dimethyl benzyl alcohol feature at 725 cm-1, and
the cumene hydroperoxide feature at 718 cm-1 fall between

the 817 and 516 cm-1 silica features.

To test the theory that the silica features might be
amplified by reflections off the inside of a small vessel,

acetic acid spectra were taken with the probe at the 25 ml

64




mark in a graduated cylinder, and with the probe in a 1

liter flask. There is virtually no difference in the two
spectra. This suggests that the silica features are not

amplified by internal reflections in the small vessel.

Linearity of Raman Features

To test the linearity of Raman features, acetic acid
spectra were observed at different excitation levels. The
acetic acid peak (893 cm-1) and the 1550 cm-1 silica peak
fit closely to straight lines determined by least squares.

[Scheid 68, pp. 235-236] See Table 4-3 and Figure 4-4.

Table 4-3. Height Versus Excitation

Acetic Silica Acetic Silica
Intensity Intensity Intensity Intensity
Excitation (Least (Least

(mw) Squares) Squares) (Actual) (Actual)

320 0.27833333 0.8925 0.27 0.88
280 0.24380952 0.7775 0.27 0.80
240 0.20928571 0.6625 0.21 0.67
200 0.17476190 0.5475 0.15 0.53
160 0.14023809 0.4325 0.14 0.44
120 0.10571428 0.3175 0.10 0.30
80 0.07119047 0.2025 0.08 0.20
40 0.03666666 0.0875 0.04 0.10
65




exjoads uewey Jo AjraesaurI °‘y-¥ aanbrtg

eos v Py afeoy 4
(Mw) 9A120IGO OJus uoHeYOX]

oce 08¢ ove 002 09l 02l 08 oy
| | { | | | | | 1 | | | |
e )
T Y
n o
\\\ - B \\
e q - _

Apsuajy) vuiowmm _‘o "y ww‘tmzuw jsea

SO [ OU o AT

1o

c0

€0

vo

SO

90

20

80

60

Ajsuajul sane|ey

66




Silica Intensity as a Function of Fiber Length

The silica features of the long fibers are quite
noticeable. Unfortunately, they occur in the same bands as

the most useful acetic, solvent and isopropanol features.

Comparative spectra of acetic acid were taken through
various combinations of fibers to identify the mechanism(s)

generating the silica features. See Table 4-4 and

Figure 4-5.
Table 4-4. Silica Raman Intensity

1550 cm-1
Fiber Length Intensity
Excitation 35 meters Receive 35 meters 0.86
Excitation 35 meters Receive 0 meters 0.75
Excitation 0 meters Receive 35 meters 0.26
Excitation 0 meters Receive 0 meters 0.08
Excitation 10 meters Receive 10 meters 0.34
Excitation 10 meters Receive 0 meters 0.29
Excitation 0 meters Receive 10 meters 0.19

Even without a fiber bundle coupled in, there is a
silica feature of 0.08. The noise in these spectra is about
0.04. Thus, even at this low level, there is some silica

signal above the noise. This is apparently contributed by

the probe itself.
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The signal with a long excitation fiber and no added
receiving fiber is almost as strong as the signal with both
long excitation and receiving fibers. In both cases, the
Raman signal strength seem to increase linearly with the
length of the fibers. This suggests that placing a filter at
the connection between the excitation fiber in the bundle
and the excitation fiber in the probe should greatly reduce
the silica feature. Other researchers have successfully used
filters to suppress Raman energy generated in the fiber.

[Myrick 90b]

The feature contributed by the receiving fiber is much
smaller than the feature contributed by the excitation
fiber. The two components do not add algebraically to give
the entire silica feature. The feature produced by the
receiving fiber does not appear to increase as rapidly with
length as the transmit feature. Therefore, efforts to filter
the Rayleigh line out at the probe connector do not appear

cost effective.

The conclusion of these observations is that Rayleigh
scattering by the sample, of Raman features generated in the
excitation fiber is the strongest contributor to the silica
features. A small contribution is added by Raman scattering
in the receive fiber, of the Rayleigh energy generated in

the sample. Dramatic reduction of the silica features should
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be realized by using a filter at the probe excitation
pigtail.

Overcoming the Silica Raman Problem

There are several ways of dealing with the silica Raman
problem. The simplest is to ignore it if possible. Although
the Eastman mixture shows very strong silica Raman features
for spectra taken through 35 meter fibers, the chemometric
errors were within acceptable limits. Unfortunately, this
will probably not work if the fibers are on the order of
hundreds of meters long. It is likely that the silica

features would swamp the sample features.

Another approach would be to use a thermoelectrically
cooled detector instead of liquid nitrogen cooling. The
higher temperature would increase the wavelength response of
the detector, and enable chemometrics to be carried out in
the high Raman shift region where sample features are
present, but Raman features due to the silica are not

significant.

One way of greatly reducing, but not eliminating the
problem, is to insert a line filter at the connector between
the long excitation fiber and the probe excitation fiber
pigtail. This would eliminate the strong contribution of the

excitation fiber to the problem. Graded index (GRIN) lenses
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could be used to couple the fiber ends to the filter. Due to
its high insertion loss (at least 55 per cent), the line
filter should be removed from the laser if this

configuration is used. [Melles Griot 85, p. 281)

The scheme with GRIN lenses and a filter is a variant
on the dual fiber, dual filter, optrode scheme developed by
Myrick and Angel. [Myrick 90b] 1In this approach, two
optical fibers are used, one each for excitation and
receiving. Each fiber has a filter mounted directly on the
end. The two fiber ends are aligned, with the sample between
them. The authors report that this configuration gives much
stronger Raman pickup than an angled probe. By using a long
pass filter on the receiving fiber, the laser energy at
excitation wavelength is kept out of the receive fiber. One
problem with filters is that the filter material fluoresces,

and the effect must be subtracted out of the spectrum.
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CHAPTER 5

COUPLING A LASER TO A FIBER

Principles of Coupling

The object of coupling is to efficiently couple the
energy from a 1.064 micron wavelength laser beam with a
Gaussian intensity distribution into a 400 micron core
diameter fiber. Coupling is done by using an optical
element such as a lens or a microscope objective to capture
the laser light and focus it onto the fiber core. For
optimal coupling, the beam should be focused down to a spot
comparable to the core size and centered on the center of
the fiber core. The angle of the outermost rays being
coupled into the fiber must not exceed the angle of

acceptance of the fiber. [Newport 87, p. J-3]

Staying within the angle of acceptance is not
difficult. The numerical apertures for various fibers have
been measured and found to be either 0.22 or 0.33. (See
Appendix F) For conservative design, a value of 0.22 is
assumed. A coupling element with a numerical aperture of

less than 0.22 should be suitable.
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It is easy to focus the beam to a suitable spot size.

The diffraction limited waste size is given by

w = (4,£f)/(7D)

where 1 is the wavelength, f is the focal length of the
coupling element, and D is the diameter of the beam incident
on the coupler. [Newport 87, p. J-4] The beam diameter just
in front of the coupler has been measured and found to be
3.5 mm. The focal length of a Newport 5X objective is

25.5 mm. [Newport 87, p. H-24] The beam wavelength is 1.064
microns. These result in a waist diameter of 9.87 microns,
considerably smaller than the 400 micron diameter of the

fiber core.

Reflections and Anti-Reflection Coatings

For a normally incident light beam on an air-glass
interface, 96 percent is transmitted and 4 percent is
reflected. [Melles Griot 85, p. 71] Thus, there is a
reflection loss of 4 percent (0.177 dB) per face in an
optical system with multiple elements. This acts to limit
the efficiency of a coupler with several air to glass

interfaces.
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This can be countered with an anti-reflection coating.

A simple anti-reflection coating is a quarter wavelength
thick at the center of the passband, and has an index of
refraction that is the square root of the products of the
indices of refraction of the two media. The behavior of an
anti-reflection coating is analogous to that of a quarter
wave impedance matching transformer in a transmission line.
More sophisticated anti-reflection coatings are made up of
multiple dielectric layers. At the center of the passband,
an anti-reflection coated lens may have a transmission ratio
in excess of 99.75%. [Melles Griot 85, p. 78] Newport
microscope objectives are anti-reflection coated, but the
coating is optimized for visible light. The Newport
objective has transmission of 97.5% per face at 1.064

microns. [Newport 89]

Reflection Limits on Coupling Efficiency

There is a limiting value of coupling efficiency which
is dictated by reflection losses. In the configuration used
in this experiment, there is an air gap between the coupling
device and the excited end of the fiber, and another air gap
between the output end of the fiber and the power meter

sensor. Loss due to reflection at the fiber ends is figured

thus:




Transmission per face: 0.96 = -0.177 dB

-0.355 dB

Transmission through two faces: 0.9216

The Newport 5X objective consists of a single lens.

Reflection losses of the 5X objective are figured thus:

-0.110 dB

Transmission per face: 0.975

Transmission through two faces: 0.950625 -0.220 dB

The 10X and 20X objectives have two lenses or four
faces. Reflection losses for two lens objectives are

figured as follows:

-0.110 dB

Transmission per face: 0.975

Transmission through four faces: 0.903687 = -0.440 dB

For an uncoated single lens, the transmission per face
is 96%. Each lens has two faces. The reflection loss for an

uncoated lens is figured thus:

Transmission per face: 0.96 = -0.177 dB

-0.355 dB

Transmission through two faces: 0.9216

Although it was not used in this experiment, Newport

recommends using an FL-10B diode laser objective for this
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application. 1Its transmission is 94% (-0.269 dB) total for

the device at 1.064 microns.

To find the minimum possible value of loss for each

system, add the dB losses due to the device to the dB

reflection losses of the fiber as in Table 5-1.

Table 5-1. Reflection Limited Minimum Losses

Uncoated
5X Obj 10X Obj 20X Obj Lens FL-10B
Device (dB) -0.220 -0.440 -0.440 -0.355 -0.269
Fiber (dB) -0.355 -0.355 -0.355 -0.355 -0.355
Total (dB) =-0.574 -0.794 -0.794 -0.709 -0.623

Total (%) 87.6% 83.3% 83.3% 84.9% 86.6%

The values in Table 5-1 are the reflection limited
values of coupler transmission efficiency ignoring loss

mechanisms in the fiber, and assuming that alignment and all

other considerations are perfect.




Experimental Procedure

The output of the CVI €95 1.064 micron laser was
coupled into the excitation fiber (400 micron core diameter)
of the Dow 6 around 1 probe with various coupling devices.
The position of the excitation end of the fiber with respect
to the coupler focus was adjusted with a three axis

positioner for maximum output at the probe end.

The output power was measured at the probe end through
a 1 mm quartz window with a Coherent 210 optical power
meter. Input power going into the coupling device was also

measured with the power meter.

In addition, the pattern of the infrared light emerging
from the probe end was observed by projecting it onto a
target consisting of concentric circles spaced 1 mm apart,
and observing the resulting pattern through an Electro-
physics 6100M Infrared Viewer. The diameter of the infrared
beam incident on the coupling device was measured by the

same method.
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Observed Data

The observed efficiency of coupling the laser into the
excitation fiber of the Dow probe with various devices is

shown in Table 5-2.

Table 5-2. Observed Coupling Efficiencies into Dow Probe

Reflection
Observed Observed Limited
Input Output Efficiency Efficiency Efficiency

Objective (mw) (mw) (%) (dB) (%)

5X 640 470 73.4% -1.341 87.6%
10X 650 440 67.7% -1.695 83.3%
20X 660 390 59.1% -2.285 83.3%

The performances indicated in Table 5-2 are much lower
than the reflection limited maxima. The Dow probe has been
used for many experiments, and its performance appears to

have deteriorated with use.

Note that in a similar experiment in which the probe
was replaced with a one meter fiber with factory installed
connectors and the 5X objective was used for coupling, an
input to the objective of 650 mw resulted in an output from
the fiber of 560 mw, an efficiency of 86.15%. This is very
close to the reflection limited value of 87.6%. Also, in
previous experiments, efficiencies as high as 83% were noted
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using the 5X objective and the Dow probe. Thus, it is
possible to obtain couplings very near the reflection

limited maximum with the 5X objective.

To attain high efficiency, it is necessary to both
align the objective so that the laser beam is hitting it
exactly on center, and also to align the fiber end so that

it is precisely at the focus of the objective.

The patterns of the output of the probe for various
coupling devices were also observed with the infrared viewer

and the calibrated target. They are described in Table 5-3.

Table 5-3. Fiber Output Radiation Patterns

Objectives:

5X Circular spot subtending an angle of .161 radians
10X Circular spot subtending an angle of .207 radians
20X Concentric rings subtending the following angles:

Inner ring subtends from .12 to .16 radians
Outer ring subtends from .2 to .44 radians
Lenses:

50 mm Single ring subtends from .27 to .35 radians

125 mm Circular spot subtending an angle of .162 radians
150 mm Circular spot subtending an angle of .162 radians
225 mm Circular spot subtending an angle of .147 radians
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In addition, with the infrared viewer and the

calibrated target, the beam incident on the coupling device

was observed to be circular with a diameter of 3.5 mn.

Conclusions

Both in terms of reflection limited maximum efficiency
and observed efficiency, the 5X objective is the most
efficient coupler. With reasonable care, it is possible to
couple to within 0.07 dB of the reflection limited

efficiency.

Objectives whose numerical aperture is greater than the
numerical aperture of the fiber do not couple as efficiently
as objectives whose numerical aperture is less than the

numerical aperture of the fiber.

Since a graded index (GRIN) lens is only 2 mm in

diameter, it is not possible to use it to efficiently couple

a 3.5 mm diameter beam into the fiber.




CHAPTER 6

THE FIBER OPTIC PROBE AND SAMPLE CELL
Mathematical Model of the Probe

A model of the probe operation has been developed by
Dr. Michael Roberts based on the work of Plaza and others.
[Garrison 89, Appendix A) [Plaza 86] Consider two fibers
whose ends have been polished perpendicular to their optical
axes, and whose optical axes intersect as shown in
Figure 6-1. The coordinate system is arranged such that the
origin is at the center of the polished face of the
excitation fiber. The z-axis is the optical axis of the
excitation fiber. The y-axis is in the plane formed by the
optical axes. The x-axis is normal to the plane formed by

the optical axes.

The ends of the fibers are displaced and rotated with
respect to each other. The optical axes intersect at an
angle a. The two nearest corners of the fibers are separated
by a displacement, dy parallel to the y-axis and d, parallel
to the z-axis. The excitation fiber emits light in a cone.
The angle of the cone is ¢_, the critical angle with
respect to the excitation optical axis. The receiving fiber

accepts light that is incident within a cone of
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Receiving
Fiber

Exciting
Fiber

Figure 6-1. Probe Coupling
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acceptance. The angle of the cone is ¢_, the critical angle

with respect to the receiving optical axis. Some
simplifying assumptions are made about the excitation power
distribution. The power from the excitation fiber is assumed
to be uniformly distributed through the circular cross
section of the cone. Thus, the local power density is the
total excitation power P, divided by the area of the circle.
Attenuation of the medium is assumed to cause exponential
decay of the power density as a function of displacement
along the z-axis. That is, the local power density is

-2/20

multiplied by a factor of e , Where 20 is the space

constant.

The scattering mechanism is Raman scattering. The
amount of Raman energy generated at a point is proportional
to the local power density. It is also proportional to the
local density of scatterers, N, (number of scatterers per
unit volume). Not all the power incident on a point is Raman
scattered. The proportion scattered is given by B, the Raman
scattering cross section, a property of the scattering
medium. Within a given incremental volume, there are a large
number of scatterers, each scattering its Raman photons in
random directions. Due to this randomness, it is assumed
that the Raman power radiated by a given point is uniformly
distributed over a sphere (or over a solid angle of 4w

steradians) centered on the point.
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The coupling to the receiving fiber is based on the
cone of acceptance. If the Raman power originating at a
point in space is within the receiving cone of acceptance,
and if the ray from the point in space to a point on the
receiving face is within the receiving critical angle, then
the power is accepted by the receiving fiber. Otherwise, it

is rejected.

The amount of Raman power coupled into the receiving
fiber is based on simple geometry. Since the Raman power
emanating from a point in space is assumed to be uniform
over 47 steradians of solid angle centered on the point, it
is assumed that the proportion of the power coupled into an
incremental area on the receiving fiber face is the
proportion of solid angle subtended by the incremental area.
In other words, the amount of solid angle in steradians
centered on a point and subtended by the incremental area
divided by 47 steradians, gives the proportion of Raman
power originating at the point that is coupled into the

incremental area on the receiving face.

Given these assumptions, a formula for the total Raman
power coupled into the receiving fiber can be derived. For
an incremental area on the receiving surface, the total

power received is the sum of the powers received from each
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of the incremental volumes in the excitation cone. The power
generated by each incremental volume is calculated as
described above; the summation occurs through the three
dimensional space of the excitation cone. The total power
coupled into the receiving fiber is the sum of all the
powers coupled into each incremental area on its face; the
summation occurs over the two dimensional area of the
receiving face. The result of the summations is a five

dimensional integration :

a(zR )r,rR(drR)z dr,dB,derGRdzR

P -3 J J 2

receiving  fiber | exciing fiber 2
z

2 2 2
end surface cone volume [r(ZR)] [(drk)x +(d’R)v +(drR)

The excitation cone is symmetrical about the excitation
fiber optical axis. If the excitation and receiving optical
axes intersect at some fixed angle a, then the coupling is
independent of the polar orientation of the receiving fiber.
Thus, if another receiving fiber were placed on the opposite
side of the excitation fiber, it would receive the same
amount of Raman power as the first. Many receiving fibers
can be arranged symmetrically around the excitation fiber,

and the effectiveness of the probe will be multiplied

accordingly.




Computer Implementation of the Probe Model

The integral that models the probe cannot be evaluated
in closed form. It must be evaluated numerically. A computer
program to perform the integration is listed in Appendix H.
The program is written in ANSI Standard C and is portable.
It was developed on the VAX, but has also been run on the
IBM-PC, the IBM mainframe, and the Cray. Results obtained
with the computer program on the VAX are tabulated in

Table 6-1.

The precision of the calculations is controlled by the
number of increments into which the excitation cone and
receiving face are divided. The dividing is done in
cylindrical coordinates. In the radial dimension, the space
is divided into RADIAL increments. In the azimuthal
dimension, the space is divided into AZIMUTH increments. In
the axial dimension, the space is divided into AXIAL
increments. The receiving fiber face and each axial layer of
the excitation cone are divided into the same number of
increments. RADIAL, AZIMUTH, and AXIAL are declared
constants that are set by the computer user at compile time.
The greater the values, the greater the precision, and the

greater the cost of the run.
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Table 6-1. Computed Coupling Coefficients

Number of intervals in AXIAL dim: 80 80 80 80
Number of intervals in RADIAL dim: 8 4 4 4
Number of intervals in AZIMUTH dim: 16 16 16 16
Exciting core diameter: 200 100 400 200
Exciting clad diameter: 250 125 500 250
Receiving core diameter: 200 200 400 400
Receiving clad diameter: 250 250 500 500
Spacing: s} 0 0 0
Exciting critical angle: 8 8 8 8
Receiving critical angle: 8 8 8 8
Raman cross section: 1 1 1 1
Density: 1 1 1 1
Space constant: 1000000 1000000 1000000 1000000
Analysis depth in core diameters: 450 900 225 450
Axial offset 0 0 0 0
Angle Between Optical Axes: 0 0.001549 0.002161 0.002899 0.003974
1 0.00171s 0.002447 0.003297 0.004497
2 0.001865 0.002656 0.003515 0.004881
3 0.001982 0.002864 0.003713 0.005240
4 0.002090 0.003086 0.003871 0.005467
5 0.002177 0.003231 0.004010 0.005695
6 0.002263 0.003353 0.004077 0.005875
7 0.002321 0.003493 0.004163 0.005997
8 0.002367 0.003573 0.004212 0.006108
9 0.002410 0.003640 0.004212 0.006141
10 0.002433 0.003723 0.004219 0.006201
11 0.002439 0.003744 0.004143 0.006188
12 0.002444 0.003760 0.004165 0.006139
13 0.002440 0.003806 0.004092 0.006110
14 0.002420 0.003828 0.004016 0.006030
15 0.002397 0.003765 0.003918 0.005906
16 0.002367 0.003770 0.005826
16.5 0.001975 0.002812 0.005615
18 0.001770 0.002594 0.005181
20 0.001684 0.002457 0.004908
30 0.001385 0.003977

35 0.001277

45 0.001121

60 0.000988

70 0.000942
Peak Response 0.002444 0.003828 0.004219 0.006201
Peak Angle 12 14 10 10
dB Gain of Peak Angle vs. 0 Angle 1.98 2.48 1.63 1.93
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Other parameters of the system are furnished
interactively by the user at run time. Core and cladding
diameters, spacing, offset and space constant are specified
in microns. Spacing is the d, dimension. Since coupling
drops rapidly with increased spacing, the spacing is almost
always specified as 0. Axial offset is the d, dimension.
Angles are specified in degrees. Critical angle is the arc
sine of the numerical aperture of the fiber. Since only
relative performance of alternative probe designs is sought,
the Raman cross section and scatterer density are
arbitrarily set to 1 for all cases. Since the distillation
mixtures are transparent, the space constant (the amount of

' of its

space that will attenuate the light energy to e’
original value) is a large number. If the angle of
intersection of the optical axes is small, then the volume
of the intersection of the receiving and exciting cones is
infinite. If so, then the analysis must be cut off at some
arbitrary finite depth. Repeated experience with the model
shows that out to a distance of about 90,000 microns, a
small but usable amount of Raman energy is coupled into the
receiving face. Thus, the number of core diameters should be

selected to result in a depth of 90,000 microns. Less depth

understates the coupling coefficient; greater depth wastes

computer time.




What angle of intersection of the optical axes gives
the peak response? For the examples studied, the peak
response occurs when the optical axes intersect at angles
ranging from 10 to 14 degrees. The Dow patent application
says that the response should peak in the range of 10 to 20
degrees. [McLachlan 86] It is noteworthy that while the
computer model agrees with what Dow has claimed, both
disagree with the experimental observations reported by
Hendra. [Hendra 88] He reports that the peak occurs when
the angle is zero. It is not clear at present why this

apparent contradiction exists.

As already noted, the model shows that for angles for
which the volume of the intersection of the cones is
infinite, even at an axial distance of 90,000 microns from
the probe tip, a small, but finite, amount of Raman
scattering still contributes to the total received. This is
consistent with the experimental observation (Appendix E)
that the end of the probe must be at least 9 cm from the
bottom of the vessel before artifacts in the received Raman
spectrum due to the bottom of the vessel are buried in the

system noise.

To compare alternative designs of multiple receiving
fiber probes, the coupling coefficients in Table 6-1 are

multiplied by the number of receiving fibers. The result
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includes a maximum value of 0.025314. To make the comparison
easier the data in the table are normalized by dividing each
datum by 0.025314. The results are indicated in Table 6-2

and Figure 6-2.

Implications of the Analysis

These results indicate that it may be possible to
greatly reduce the cost of the composition analyzer by
careful attention to the probe. A major problem with the
present design (which uses Dow's patented probe) is that the
system uses long bundles of seven 400 micron low water
fibers. At a cost of about $20 per meter, fiber costs are a

major component of overall system cost.

The data in Table 6-2 suggest some ways of reducing the
cost. According to the model, the response of a probe with a
large receiving fiber and an exciting fiber of half the core
diameter of the receiving fiber is about 50% greater than
the response of a probe whose exciting fiber is the same
size as receiving fiber. Thus, a probe with four 400 micron
receiving fibers around one 200 micron exciting fiber should
perform just as well as a probe with six 400 micron fibers

around one. This would reduce fiber costs by at least one

third with no loss in system performance.
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If some degradation in probe performance is acceptable,
even more fiber cost savings are possible. For example,
suppose that due to improved detector/amplifier design the
signal to noise ratio of the system were raised by three dB
at relatively low cost. If all the core diameters in a probe
are reduced by half, the overall performance of the probe is
reduced by about three dB, but the fiber cost is reduced by

at least 75%.

It is unfortunately necessary to mention the compu-
tational cost of the present model. High precision is needed
to obtain accurate results, but it is somewhat expensive to
obtain. A set of 44 data points at 1.3 million calculations
per point costs about $332 to generate on the VAX. The time
to generate a data point at 160,000 calculations is about 35

minutes on the IBM-AT.

However, the more important problem remains, is the
model an accurate description of reality? Dow's reported
results, the obvious success of fhe Dow probe in our system,
and the experiment to locate the center of scattering all
suggest that it is. Hendra's observations cast doubt. To
resolve this question, a research project has been initiated
to explore the model further, and to obtain performance
versus angle experimental data. The goal is to obtain

mathematical and experimental data that are consistent. Once
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this is done, it will be possible to confidently base design

decisions on the data generated by the model.

An Industrially Hardened Probe

The sample head is the end of the probe that is
actually inserted into the sample cell. The sample head is
shown in Figure 6-3. [Roberts 90] It consists of a
stainless steel body containing seven optical fibers in a
close packed bundle, polished on the end, and protected by a
quartz window. The central fiber carries the excitation
energy to the sample, and the other six collect scattered
light from the sample. The collection fibers are angled

according to Dow's patented design to maximize collected

light.

The probe must be protected from the sample. Early
testing of fiber optic probes resulted in damage to the
epoxy cement which holds the fibers in place. The epoxy was
attacked by acetic acid. The result of this attack was that
the fiber positions and angles changed, reducing the
collection efficiency of the probe. The window provides this
protection. The O-rings shown in Figure 6-4 seal the window

so that the sample cannot reach the fiber ends.
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Selection of O-ring material is critical. A probe, of
the design shown in Figures 6-3 and 6-4 with Buna-n (rubber)
O-rings, was tried with acetic acid. The O-rings were
promptly softened, and the window became unseated. Table 6-3
lists some compatibility characteristics of typical
chemicals used in this project with two inexpensive O-ring
materials. [Parker 77, pp. B10-B27] Neither is satisfactory
for the whole range of chemicals. Kalrez, a much more
expensive material, resists all the listed chemicals.
[DuPont 1980, pp. 18-22] It is the O-ring material of

choice for this application.

Table 6-3. O-Ring Compatibility with Sample

Viton Buna-n

Acetic Acid (Glacial) Unsatisfactory Fair

Acetone Unsatisfactory Satisfactory
Benzene Satisfactory Unsatisfactory
Cyclohexane Satisfactory Unsatisfactory
Eastman Solvent Unsatisfactory Fair
Isopropanol Satisfactory Satisfactory’
Toluene Satisfactory Unsatisfactory

The face of the window must be flush with the end face

of the stainless steel retaining ring (Figure 6-4). If the

window is recessed, bubbles collect in the recess. Bubbles

cause reflection of the laser excitation into the receiving

fibers, and this adds spurious features to the spectrum.




The Sample Cell

For laboratory testing, the sample cell consists of a
50 ml graduated cylinder with the probe inserted such that
the probe tip is at the 25 ml mark. Experimental experience
has shown that variations in sampling geometry change the
height of the Raman features (Appendix E). Since
reproducible chemometrics require consistent line heights,
it is necessary to keep the geometry as consistent as
possible from one reading to the next. By inserting the
probe to the same mark every time, and taking care to keep
the probe centered and vertical, highly reproducible spectra
are obtained. The 25 ml level represents a compromise. At
this level, the probe is far enough from the bottom of the
vessel that the vessel artifacts are not significant, but
the samples are not so large as to create an inordinate

volume of waste.

For application on a distillation column, a sample cell
similar to the one shown in Figure 6-5 will be used.
[Roberts 90] The sampled chemical stream enters the cell at
the bottom through an inlet pipe. The input chemical flow
immediately encounters a baffle which diverts the flow

toward the field of view of the sample head, and also
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On-Line Raman Sample Cell

Optical Probe (1/2" OD)

Temperature Sensor

316 Stainless Steel

Glass —___ |

>90 mm
Standpipe

Figure 6-5. Sample Cell
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promotes mixing. The level of the sample and, consequently
the volume seen by the sample head, is controlled by a
standpipe outlet. A vent tube at the top of the cell
prevents pressure from building in the cell. A separate

drain is included for emptying the cell for cleaning.

The sample head and temperature probe enter the cell
through the top. The sample head is pointed vertically
downward into the sample volume, and is held in place with a
Swagelok fitting. Both the probe model and experimental
results show that for the present probe design, the sample
head gathers light from a cone about 90 mm in height, and
about 50 mm in diameter at the base. A temperature probe is
included, although no significant temperature effects on the

Raman scattering process are expected.

The cell is shown with a cylindrical glass wall. This
is the design that will be used when the system is used with
the UT isopropanol column. In order to identify problems
during the testing process, a transparent wall will be used.
In normal operation, the glass wall will be covered with an
opaque jacket to avoid having stray light contaminate the
measurement. The rest of the cell is fabricated from

316-series stainless steel.
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CHAPTER 7

COUPLING A FIBER BUNDLE TO AN INSTRUMENT

Basic Concepts

Before exploring the technical details involved in
coupling the receiving fiber bundle into the interferometer
it is desirable to reflect on the major concepts that have
bearing on the problem. The instrument has both an area and
angle of acceptance. [Webb 89] At a given point along the
optical axis of a system, including the input of an
instrument, a light ray can be characterized by a vector
giving its distance from and its angle relative to the

optical axis. [Yariv 85, pp. 17-18]

The most important concept is this. The instrument has
both a sensitive area, and an angle of acceptance. This is
illustrated in Figure 7-1. It is not difficult to visualize
the idea that light rays that hit outside the sensitive area
are not detected by the instrument. From this point, it is
not a great conceptual leap to consider that if a light ray
hits the sensitive area, but is outside the angle of
acceptance, it will not propagate all the way through the
instrument to the detector. Only the rays that fall within

both the area and angle of acceptance are detected.
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To simplify the consideration, assume that the

" instrument response has axial symmetry. That is, the
sensitive area is within a circle around the optical axis.
In addition, the angle of acceptance is the same all the way
around. Thus, the only light rays accepted by the instrument

are those that fall within the cone.

To simplify the consideration even further, assume that
the light source being coupled into the interferometer also
has axial symmetry. That is, the light rays emanating from
the source form a cone shaped pattern. By assuming axial
symmetry of both the source and the target, we are able to
visualize a three dimensional problem in two dimensions
(Figure 7-2). The rays can be traced on a sectional plane
that passes through the system and contains the optical

axis.

For the two dimensional problem, at any point along the
optical axis, the ray can be completely characterized by a
two element vector. The first element gives the distance of
the ray from the optical axis; the second element gives the
angle of the ray with respect to the optical axis. For an
optical system, the input and output rays are each
characterized by two dimensional vectors. The optical system
is characterized by a matrix that transforms the input

vector into the output vector.
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The essential problem in designing optical couplers is
to devise a system that captures the rays emanating from the
source, and transforms all of them into rays acceptable to
the instrument. Mathematically, this is accomplished by
selecting an optical system that is characterized by a
matrix that will transform the worst case source ray into a

ray acceptable to the target.

Imaging

A straightforward way to design a coupler is by
imaging. That is, the optics are designed in such a way that
all the rays that emanate from a single point on the source
converge to a single point on the target. The assumption of
imaging imposes a constraint. Five parameters, three
spacings and two focal lengths, completely describe the
coupler shown in Figure 7-2. Any four may be arbitrarily
selected, but if imaging is assumed, the fifth parameter

will be a function of the other four.

The image analysis as it is presented in textbooks has
two steps. First, given four of the five parameters, find
the fifth one. [Hecht 87, pp. 145-149] Next, given the
radius and angle of a source ray, and the five parameters,

calculate the radius and angle of the image ray at the




target. [Yariv 85, p. 19] The problem is a tedious but

straightforward application of ray matrices.

Ray Matrices

An object may be visualized as a source of infinitely
many rays, but the rays are restricted to having certain
properties. A meridional ray at a given position along the
optical axis is characterized by the vector [r,rprime]’,
where r is the radius, or distance of the ray from the
optical axis and rprime is the slope of the ray with respect
to the optical axis. The ray traces are illustrated in
Figure 7-2. For this analysis it is assumed that an object
is characterized as having an continuum of rays whose

properties are bounded by:

|r,|<=r,,, and

|rprime | <=rprime__,

An image is characterized as accepting all rays whose

properties are bounded by

|r;|<=r; . and

| rprime; | <=rprime,




The most difficult ray to image is the outermost one.
If the object ray with the properties [rumx,rprimeum;ﬂ can
be transformed into a ray with the properties [ri,rprimei]T
and |r;|<=r,,. and |rprime;|<=rprime, , then the outermost
object ray will be included in the image. If this condi-
tion can be met, then all the power emanating from the

object will be coupled into the image.

In order to simplify the analysis, three assumptions
are made. The system is assumed to be symmetrical about the
optical axis. Skew rays are ignored. The paraxial approx-

imation applies.

An optical element is viewed as a transformer that
transforms the object ray into an image ray. Since Eoth the
object and image rays are characterized by two dimensional
vectors, it is not surprising that the optical element is
characterized by a 2X2 matrix. In its most general form the

transformation can be described as follows.

r; €, e, r,

rprime, e; e rprime

The two optical elements that are of interest in

coupling a fiber to an interferometer are the air gap and
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the thin converging lens. For an air gap of axial length d,
the ray matrix is M,. For a thin converging lens of focal

length f, the ray matrix is M, [Yariv 85, p. 19].

M= | 1 d
0 1

M = |1 0
=1 1
f

If an optical system is made up of several optical elements,
then its ray matrix is the product of the matrices of the

individual elements. For the system shown in Figure 7-2:

Synthesis of an Optical Coupler

The synthesis of an optical coupler is the inverse of the
ray matrix analysis problem. Given the worst case source
ray, and the range of acceptance of the target, what set of

the five optical parameters will transform the source ray
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into a ray whose radius and angle are acceptable to the
target? A major difficulty with this problem is that it may

be impossible to solve. [Webb 89]

The difficulty is caused by the principle of optical
invariance. A change in the imaging optics will always cause
size of the image to change in one direction while the ray
angle changes in the other. For example, suppose the source
is imaged entirely within the sensitive area of the target,
but the angles of some of the image rays are larger than the
angle of acceptance. Suppose the optics are then changed to
assure that all the image rays fall within the angle of
acceptance. This incidentally magnifies the image.
Unfortunately, there is a good possibility that the change
will magnify the image so much that it becomes larger than

the area of acceptance.

It may be that any set of optics that makes the image
small enough to stay within the area of acceptance, causes
some of the rays to fall outside the angle of acceptance. It
may also be that any set of optics that keeps all the image
rays within the angle of acceptance always produces an image

larger than the area of acceptance. In technical terms,

there may be an etendue mismatch.




Etendue

What happens if the simplifying assumption of axial
symmetry is not made? In general the source or the target
consists of a region of points, each of which can emit light
at or be responsive to light over a variable range of
angles. If the points in some area, S, emit light into a
solid angle, Q, then the increment of light emitted from a
differential area, dS, into a differential solid angle, dQ,
is d%6 = dsdQ. All the light emitted by the source is the
sum of the incremental parts. Thus, G = [dSdQ is the total
light emitted by the source, or the geometric extent, or the
etendue. [Lerner 88, p. 29] A fiber whose critical angle is
1 emits light into a cone with a half angle of Q.
Integrating over the cone, G = w*s*sinﬁl, is the etendue for
a single optical fiber. The light emitting ability and the
light gathering ability of an optical element are the same.

Either can be viewed as the etendue.

For a system of multiple elements, the etendue of the
system is the smallest etendue of any of the elements. In a
sense, the etendue is the maximum beam size that will be
accepted by the system. An optical transformer, such as a
lens, will change the solid angle of a beam in one sense,
and the area in the opposite sense, but it will not change

the etendue. The practical implication is that if a source
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has a larger etendue than the target, it is not possible to

couple all the optical power from the source to the target.

The Invariant

Since the calculation of etendue for all but the
simplest of shapes is rather involved, a simpler (but more
conservative) way to test for the efficiency of coupling is
used in this application. The invariant is the product the
radius and angle of the outermost ray of an optical element
[Webb 89]. If the invariant of the source is less than or
equal to the invariant of the target, then the principal of
optical invariance does not preclude the possibility of

coupling all the power from the source to the target.

The specific problem in this application was to couple
a bundle of six fibers to a Perkin-Elmer 1700 inter-
ferometer. The fibers have 400 micron core diameters and a
numerical aperture of 0.225. They are arranged in a regular
hexagon about the optical axis with the outside edges of ‘the
cores being 0.8 mm from the optical axis. The response of
the interferometer is not symmetrical about the optical
axis. In its most restrictive direction, the angle of accep-
tance is 0.0754 radians and the radius of acceptance is 2.8
mm. [Bennett 89] Thus, a conservatively designed coupling

system would be one which transforms a ray with a radius of
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0.8 mm and an angle of 0.225 radians into a ray with a

radius of less than 2.8 mm and an angle of less than 0.0754

radians.

Is such an arrangement possible? The invariant of the
fiber bundle is 0.8%0.225=0.18. The invariant of the
interferometer is no less than 2.8*%0.0754=0.21. Therefore,
the principle of optical invariance does not preclude the
coupling of all the energy from the fiber bundle to the
interferometer. One arrangement that would couple all the
power from the fiber bundle to the interferometer is
d,=46.08, £,=100, d;=68, £,=100, and d;=287 mm. This
transforms a ray with a radius of 0.8 mm and an angle of
0.225 radians into a ray with a radius of 2.77 mm and an

angle of 0.0754 radians.

This arrangement has not been implemented, as it would
require significant modification of the existing equipment.
The arrangement actually used to produce the spectrum shown
in Figure 7-3 is d,=63.63, £,=100, d,=25, £,=100, and
d;,=200 mm. This transforms a ray with a radius of 0.8 mm and
an angle of 0.225 radians into a ray with a radius of 2.2 mm
and an angle of 0.0958 radians. It is estimated that this

arrangement has a power loss of no greater than 5% due to

angular overfill.
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Design Software

Several computer applications applying these principles
have been developed. One is a Lotus Symphony spreadsheet on
the IBM-PC for ray matrix analysis. 1In this application the
user specifies the focal lengths of the lenses, the distance
between them, and the distance from the second lens to the
Jacquinot stop of the interferometer. The spreadsheet
calculates the distance from the end of the fiber bundle to
the first lens to assure that an image forms. The user also
specifies three rays emanating from the object. The
spreadsheet calculates the properties of the corresponding
three image rays. This spreadsheet is useful for determin-
ing whether the image rays resulting from a specified object
and a specified coupling system fall within the limits of

acceptance of the receiving element.

The design of a coupling system is somewhat more
involved. Given the characteristics of the outermost ray
emitted by the object, and the outermost ray accepted by the
receiving element, the problem is to find a combination of
d,, £,, d;, £f,, and d; that will cause all the rays emitted by
the object to be accepted by the receiving instrument. To
address the design problem, a VAX Fortran application has
been developed. The source code is listed in Appendix I. In

this application, the user specifies properties of the
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outermost object and image rays, and ranges for f,, d;, f,,
and d;. The program computes the image ray for each
combination of parameters. If the image ray falls within
the bounds of the outermost acceptable image ray, its
properties and parameters are stored to an output file. If
an image ray is outside the bounds, then the sum of its
squared differences with the acceptable image ray is
computed. If no set of parameters results in an acceptable
design, then the design with the smallest sum of squared
differences is stored in the output file. This gives the
user an indication of how to specify ranges on a successive

run.

Observed Performance

The coupling efficiencies of several different schemes
have been measured. Several parameters were kept fixed,
specifically: d;=25, £,=100, and d;=200. Lenses of different
focal lengths were used at f,. The distance, d,, was ad-
justed for maximum coupling. For all the different lenses,
a spectrum of cyclohexane was taken. All parameters (such
as excitation power to the sample) were kept constant,
except for the optical coupling. The height of the cyclo-
hexane features is proportional to the power being coupled
into the interferometer. The results are summarized in

Table 7-1. Cyclohexane intensity is the height of the
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feature at 805 wave numbers. Noise is the maximum intensity

|
in the 2600 to 1500 wave number band. Since the 100 mm lens
provided the best coupling, it was used as a standard of

comparison in the table.

Table 7-1. System Performance for Several Couplers

F2 Cyclo- Signal to
Focal hexane Noise Comparative Noise
Length Intensity Level Throughput Ratio
125 mm 2.77 0.11 -1.74 dB 14.01 4B
100 mm 4.14 0.15 0.00 4B 14.41 dB
75 mm 3.30 0.14 -0.98 dB 13.72 4B
50 mm 2.08 0.15 -2.99 dB 11.42 dB
50 mm 0.86 0.19 -6.83 dB 7.58 dB
(Note: The second 50 mm lens is the one furnished with

the interferometer. It has a prism cemented to its
center)




CHAPTER 8

CONTROL SOFTWARE

The Programming Environment

The software to control the on-line analyzer is
non-portable and hardware dependent. Some of the interface
functions between the computer and the scientific apparatus
are demonstrated in prototype programs. Source codes for
prototype programs are listed in Appendix J. Source codes
for the control programs are listed in Appendix K. Both the
control and the prototype software will only work on an
IBM-AT compatible whose expansion board switches have been
set to conform to the I/O port addresses shown in Table 8-1.
The parallel printer port must be used to control the beanm
dump solenoid. There must be two Daedal PC-23 motor
controller boards installed. Each of these must be connected
to a three axis positioner with encoders and limit switches.
There must be a National Instruments PCII IEEE-488 interface
board connected to a Perkin-Elmer 1700 interferometer. In
addition, to simplify development, the C language programs
make extensive use of Microsoft and National Instrument C

library functions. The chemometrics program must be compiled

with the Microsoft Fortran Optimizing Compiler.




I/0 Map

Computer 0 (UT Tag Number 399509) has had all the
hardware installed to act as the composition analyzer

control computer. I/0O addresses have been set per Table 8-1.

The printer port, I/O address 378-37F, is used to control
the beam dump solenoid. Messages to the process control
computer will be sent through communications port 3, 3E8-
3EF. If a printer is needed it will be connected to

communications port 1, 3F8-3FF.

Positioner Programs

Each three axis positioner has its own control system.
Each axis has a motor under user control. Each axis has a
position encoder that can be queried by the user. Each axis
has home and limit switches whose function is controlled by
the user. Each positioner has its own microprocessor based
controller. Commands are sent to the positioner in the form
of ASCII strings sent through an I/0 port of the control

computer. [Daedal 88]

The prototype program DRIVER.C, listed in Appendix J,
demonstrates all the basic functions needed to control the

positioner. First, it resets the positioner. Then, it sets
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Table 8-1. Control Computer I/O0 Map

I/0

Hex

Address Used by Source

000-0FF System Board [Greenleaf 89b]
1F0-1F8 Fixed Disk [Greenleaf 89Db]
200-207 Game Port [Greenleaf 89a]
278-27F Parallel Printer Port 3 (IRQ 5) [Greenleaf 89a]
2B8-2BF IEEE-488 Bus (DMA 1 IRQ 7) [National 89a]
2E8-2EF Serial Comm Port 4 [Greenleaf 89a]
2F8-2FF Serial Communications Port 2 [Greenleaf 89a]

300-303 Motor Controller 0 (IRQ 3 IRQ 4) [Daedal 88]
310-313 Motor Controller 1 (IRQ 3 IRQ 4) [Daedal 88]

360-36F Reserved [Greenleaf 89b])
378-37F Parallel Printer Port 2 [Greenleaf 89a]
380-38F SDLC Port 2 [Greenleaf 89Db)
3A0-3AF SDIC Port 1 [Greenleaf 89b]

3B0-3BF Monochrome/Printer Adapter (IRQ 7) [IBM 84b]
3C0-3CF Enhanced Graphics Adapter (IRQ 2) [IBM 84a]

3D0-3DF Color Graphics Adapter [Greenleaf 89Db]
3EO-3EE A/D Convertor (Interrupts Off) [Singular 89]

3E8-3EF Serial Comm Port 3 [Greenleaf 89a]
3F0-3F7 Floppy Disk Controcller [Greenleaf 89Db]

3F8-3FF Serial Comm Port 1 (IRQ 4) [Greenleaf 89a]




up and executes a move, queries the positioner for the new
coordinates, reverses the move, and queries the positioner

for final coordinates.

The prototype program RUNXKEYA.C, listed in Appendix J,
takes strings interactively from the keyboard and sends them
to the positioner. With this program, the user can develop a
sequence of commands, and verify that it produces the
desired responses from the positioner. Once a sequence of
commands is developed and verified, it can then be included

other prograns.

There several pitfalls to avoid when using RUNXKEYA.C.
These arise out of the fact that some commands cause the
positioner to issue response data, and some do not. For
example, the "A" éommand sets acceleration for an axis, but
does not produce a response. If a query for a response is
issued right after a non-responding command, the program
will lock up, waiting for the response to a command that
cannot be issued. On the other hand, if a command, such as
PR, does issue a response, it should be queried immediately.
The positioner will not process the next command until the
current response is cleared from the buffer. It is the

responsibility of the user to know which commands issue a

response and which do not. Commands that issue a response




are listed as "Status" commands in the positioner

documentation. [Daedal 88]

Frequently Used Positioner Commands

Each axis of the positioner has a home switch and limit
switches. The home switch is at the middle of travel marks
the zero coordinate position. The limit switches mark the
ends of travel. The positioner controller ignores the home
and limit switches unless the user specifically activates
them. The command LD activates the switches. For example,

1L.DO0 activates both limit switches for axis 1.

It is often desirable to start a sequence of positioner
operations by seeking the "home" or zero coordinate
position. GH is the "go home" command. For example, 3GH+5
sends axis 3 home, at 5 revolutions per second in the
clockwise direction. Note that it is unwise to send the
positioner home too fast. A velocity of 5 revolutions per
second is a good value. [Newell 90] If the positioner
starts to seek home in the wrong direction, it will bounce
off the end limit, reverse direction, and continue seeking.
To find out if the homing operation was successful, the RC
command is used. For example, 1RC checks whether or not the
last "go home" attempt on axis 1 was successful. A response

message of "*@" means that the attempt was successful.
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The PR command reports the absolute position with respect
to home. For example, in response to the command 1PR, the
positioner might reply 1:100000. This means that axis 1 is

100000 steps clockwise from home.

The travel parameters are written to a buffer and remain
in force until changed. For example, 1A10 orders axis 1 to
use an acceleration of 10 revolutions per second per second
in its movements, 2V10 orders axis 2 to use a maximum
velocity of 10 revolutions per second in its movements, and
3D10000 orders axis 3 to use a displacement of 10000 steps
on its next move. The positioner will not execute a move
along a given axis until the buffer holds non-zero values
for the acceleration, velocity, and displacement along the

axis.

The velocity profile for a given movement is trapezoidal.
The velocity will increase linearly at the prescribed rate
of acceleration until the prescribed velocity is reached.
Movement will continue constant at the prescribed velocity
until it is time to decelerate. Velocity decrease is linear
at the prescribed acceleration rate. The profile is computed
such that accomplishes the prescribed amount of
displacement. If the displacement is so short that the

prescribed velocity is never reached, then the velocity
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profile is triangular. The velocity profile is handled
internally by the microprocessor without intervention by the

user.

Displacement of the next move can be absolute or
incremental. Absolute displacement is the displacement with
respect to home. Incremental displacement is the
displacement with respect to the current position. For
example, suppose the buffer contains 1D25600. If the axis is
placed in the absolute mode with the command 1MPA, then the
next move will move axis 1 to a position 25600 steps from
the home position. If the axis is placed in the incremental
mode with the 1MPI command, the next move will move axis 1

to a position 25600 steps from the current position.

To cause the positioner to actually move, it is necessary
to issue a "go" command. As already noted, non-zero
acceleration, velocity, and displacement parameters must be
residing in the buffer before the positioner will move in
response to a "go" command. For single axis movements, tﬁe
axis number precedes the G. Thus, 1G means to go along axis
1. For multiple axis movements, the axis numbers follow the
G. Thus, G12 means to trace a diagonal line in the 1-2

plane.
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Positioner Commands in Control Software

In the on-line analyzer, two positioners are used. One
moves the end of the selected excitation fiber into the
focus of the input coupling device. The other moves the
selected receiving fiber bundle into the object position of
the output coupler. The operation of a given positioner can
be viewed as initially setting up the operating parameters
and mode, then repeatedly cycling through a sequence of
several absolute displacements until interrupted by the
user. The following operations are included in the CYCLER4.C

program listed in Appendix K.

There is a setup portion of the control program. First,
the initialize function is used to assure that the
positioner is ready to receive commands. Next, the limit
switches are activated, and all axes are sent home. Then,
the homing operation is checked for success. If the
positioner fails to initialize, or fails to go home, then
the program issues warning messages and returns to the
operating system command level. If the positioner
initializes and goes home, then acceleration and velocity

parameters are written to the buffer, and the axes are set

in absolute displacement mode.




e

Once the positioners are set up, there is cycling portion
of the control program. For the selected cell number, the
three absolute coordinates are read from an array,
concatenated into command strings, and written to the
positioner. The "go" command then moves the positioner to

the absolute displacement.
Interface with Beam Dump Solenoid

The beam dump is a block of metal that is used to block
and absorb the full power of the laser beam while the
excitation fiber ends are being moved by the positioner. The
purpose of the beam dump is to prevent random reflections of
the laser beam, and to prevent damage to the excitation

fiber end connectors, during positioning operations.

The beam dump is mounted on a solenoid. When the solenoid
is de-energized, the beam dump falls by gravity to the
blocking position. When the solenoid is energized, it pulls
the beam dump out of the blocking position and allows the
laser beam to hit the microscope objective. The solenoid is
energized by 24 volt DC power that is controlled by a solid
state switch that is controlled by TTL logic. The input of

the TTL logic of the solenoid switch is connected to pin 2

of parallel printer port 2.




The printer port is at I/0 address 378 hex.

[Greenleaf 89a] The data pins of the adapter are pins 2
through 9. The logic states of the pins 2 through 9
correspond to the logic states of bits 0 through 7
respectively of the last byte written to address 378 hex.
The states of the pins remain latched until the port is

written by another command. [IBM 84b, pp. 1-7]

The state of pin 2 is controlled by the state of the
least significant bit of the byte written to address 378
hex. Thus, if a 1 is written to the port, pin 2 is latched
high. If a 0 is written to the port, pin 2 is latched low.
This was tested by measuring the voltage on pin 2 of the
parallel printer port with a volt meter. After a 1 is
written to address 378 hex, the voltage latches to 5.11
volts. After a 0 is written to address 378 hex, the voltage

latches to 0.0 volts.

Interface with Interferometer

The interface between the control computer and the

interferometer is handled by an IEEE-488 bus. The details of

the interface are not included in this thesis due to a lack

of technical data from the vendor.




Control Software

The control software for the on-line analyzer was
developed in Microsoft Quick C and Microsoft Fortran. It is
designed to run on an IBM-AT compatible under MS-DOS. The
software conforms to the specification in Appendix B. Source
codes for the laboratory test version of the control
program, CYCLER4.C, the spectrum collection program,
SPECR0.C, and the chemometrics training program, CHEMO.FOR,

are listed in Appendix K.

The data flow diagram for the control software is shown
in Figure 8-1. The spectrum program is used to obtain
calibration spectra for mixtures of known composition in a
specified sample cell. The sample cells are numbered 0
through 4. The program reads the description of the cell
from the appropriate cell description file, cella0.dat
through cella4.dat. The program also reads the description
of the spectra to be collected from the spectrum description
file, specO.dat. The program collects spectra from the

interferometer via the IEEE-488 bus. It saves each spectrum

in a file whose name is listed in speco0.dat.
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The chemometrics program reads the spectrum description

and composition vectors from the spectrum description file,
the cell description from the cell description file, and the |
spectrum vectors from the spectrum files. From these data
the program calculates the data needed for calibration
matrix file. The calibration matrix file contains the number
of training samples, the eigenvectors of the product moment
matrix, the eigenvalues of the product moment matrix, the
column retention vector, the load selection matrix, and the
regression matrix. The data are saved to one of the matrix
files matrix0.dat through matrix4.dat. The transformation of
the set of spectra in the spectrum files into the
calibration matrix data is accomplished by the techniques

described by Fredericks. [Fredericks 85b]

The cycle program determines the composition of an
unknown mixture in the sample cells. It reads cell
descriptions from the cell description files and the
analysis matrices from the matrix files. It then cycles
through each of the active sample cells. When the initial
implementation is complete, it will collect a spectrum
vector, use the spectrum vector and the data from the
analysis matrix file to obtain the composition vector, and
then write the composition message to the messages.dat file.

In a future implementation, the program will send the
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composition message to the process control computer via an

RS-232 1link.

There are two modes of operation for this system, a
calibration mode, and a monitor mode. The calibration mode
occurs only at initial setup, or when some change to the
instrument requires that a sample cell be recalibrated. In
calibration mode, a set of calibration mixtures of known
composition is prepared in advance. The spectrum program is
used to collect a spectrum of each mixture in the sample
cell being calibrated. After all the spectra are collected,
the chemometrics program transforms those spectra flagged as
training spectra into calibration data for the sample cell.
The calibration data are stored in a file, and are used as

the basis for analysis in the monitor mode.

The chemometrics program also provides verification
services. That is, the performance of the system is verified
before it is used to analyze unknown mixtures. Several of
the spectra collected by the spectrum program are flagged as
verification samples. That is, they are not used in the
computation of the calibration data, but rather, are used to
verify its predictions. The chemometrics program reads the
cell descriptions and spectra, and computes and reports the

compositions and errors for each spectrum flagged as a

verification spectrum.




Routine operation of the instrument is done in the
monitor mode. In this mode the cycle program repeatedly
cycles through all the active sample cells, determining the
composition of the unknown mixture in each. Since the
mixture can change over time, it monitors continuously until

halted by the user.

User Interface

The analyzer control software is designed for minimal
user interaction at runtime. The spectrum program queries
the user, after it collects each spectrum, whether to save
this version of the spectrum, or to redo the spectrum for
this sample. At the end of each operating cycle, the»cycle
program polls the key buffer to determine if the user has
typed Ctrl-X, the quit signal. The chemometrics program
querys the user whether or not to report full diagnostics.
All other input data to the system are communicated via the

data files.

The cell description files, cella0.dat through
cella4.dat, contain data required by the spectrum and cycle
programs. This is an ASCII file prepared in advance of the
run by the user with a text editor or a word processor set

for ASCII output. A typical listing for cella0.dat is shown
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in Figure 8-2. The first line is the cell flag, an integer
either 0 or 1. If the cell is inactive, the flag is 0. In

this case, no further entries are required.

1

12345 23456 34567
54321 43210 32100
16

0.0

5

8600

8599

8598

8597

8596

3

acetic acid
solvent

water

Figure 8-2. Typical Cell Description File

For active cells, the next lines contain the positioner
coordinates. First are the coordinates for positioner 0, the
excitation positioner. These are a set of three long
integers, delimited by spaces, that represent the
coordinates in motor steps with respect to the home position
for each of the three axes. The first entry is the axis 1
coordinate. The second entry is the axis 2 coordinate. The
third entry is the axis 3 coordinate. The next line consists
of a similar set of coordinates for positioner 1, the
receiving end positioner. The next entry is the number of
scans used by the spectrometer when it collects the
spectrum. It is an integer. Note that this is the only
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spectrometer parameter set by the user from the PC based

control software. All other parameters, such as resolution,
are set in advance of the run directly with the spectrometer

controller keyboard.

The next entry is the normalization number. It is a
floating point number, and is used only by the cycle
program. If the sample cell mixture has only one component,
then this entry is the expected peak height of the
calibration standard. During program execution, the expected
peak height is compared with the observed peak height to
determine the normalization factor. If the sample cell
mixture has more than one component, and this entry is less
than 0.1, then no normalization is used. If the sample cell
mixture has more than one component, and this entry is
greater than or equal to 0.1, then the spectrum is
normalized by multiplying each component in the spectrum
vector by the normalizing factor. This feature is provided
to enable the user to compensate for line height drift, if

desired.

The next entries are integers that describe the spectral
features of interest. The first number is the count of the
number of elements in the spectrum vector. The next set of
integers are the spectrum vector components. Each entry is a

spectrum wavelength in absolute infrared wave numbers (not
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the Raman offset from the excitation wavelength). All

spectrum wavelengths that are to be used in the analysis are
included in this list. Each must appear on a different line.
The number of spectrum vector components must agree with the

count.

The next integer is the count of the number of components
that make up the mixture in the sample cell. A count of 1 is
permitted. A single component mixture always has an analysis
of 100% of the single component. It is used as a calibration
sample. More than one calibration sample is permitted. The
normalizing factor is based on the most recent calibration
sample encountered. Calibration samples are permitted, but
are not required. A count of more than 1 is permitted, but
the total count must not exceed the value declared for the

constant MAXCOMPS in the declarations of the source codes.

The final entries the cell description file are the
component strings. Each string must be entered on its own
line, without quote marks. A string may be made up of
multiple words. It is the user's responsibility to assure
that the sequence of the composition strings agree with the

sequence of the components of the composition vectors in the

specO.dat file.




The spectrum description file, specO.dat, contains the

data required by the spectrum and chemometrics programs.
This is an ASCII file prepared in advance of the run by the
user with a text editor or a word processor set for ASCII
output. A typical listing for specO.dat is shown in Figure
8-3. The first line is the cell number, an integer between 0
and 4. The next line is the number of spectra to be used in
the calibration. It is an integer. The next line is a
string, without quotes, indicating the filename in which the
spectrum is to be stored. The name must conform to the
normal MS-DOS naming rules. The next line is the training
verification flag. Each sample is either a training sample,
used to compute the analysis data, or a verification sample,
used to check the predictive accuracy of the calibration
data. The flag is an integer. If it is 0, the sample is a
verification sample. If the flag is any non-zero integer,
the sample is a training sample. The next lines contain the
components of the composition vector for the sample. Each
component is a floating point value on its own line. The
number of elements in the vector must agree with the number
of components given in the cell description file. The
numbers in the composition vector represent the percentages
of each component. The components in a composition vector
should total to 100. The sequence of the composition
elements must be the same as the sequence of the composition

strings in the cell description file, and must be the same
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0

10
saw0l.dat
1

48.838
50.073
1.089
saw02.dat
0

56.898
41.684
1.418
saw04.dat
1

40.584
51.172
8.244
saw05.dat
1

37.476
58.587
3.937
saw06.dat
0

62.506
32.582
4.912
saw08.dat
1

32.254
60.119
7.627
saw09.dat
1

46.309
50.038
3.653
sawlO.dat
1

26.922
70.149
2.929

Figure 8-3. Typical Spectrum Description File
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for each composition vector. The number of spectrum files
and composition vectors must agree with the count on the

second line of the spectrum description file.

The regression data files, matrix0.dat through
matrix4.dat, are lists of numbers that represent the
regression data for each cell. They are generated by
CHEMO.FOR in the calibration mode, and used as input by
CYCLE1l.C in the monitor mode. Note that this is handled
automatically by the software, and the matrix files must not

be edited by the user.

The programs are run by invoking the executable filenames
at the operating system command level. For example, to run
the composition monitoring program, the command CYCLER4 is
issued in response to the C> prompt. The executable programs
check for the presence of the data files, and attempt to
copy the data into memory. If successful, the programs run
automatically. If not successful, the programs issue error
messages, indicating what data conversion error occurred,
and then exit to the operating system command level. In
their initial implementation, the programs generate a
massive amount of output to the screen. In trying to track
down an erroneous entry to a data file, it is useful to
redirect the output to a file. This can be done with a

redirection command at runtime. For example, the command
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CYCLER4 > RUN.DAT, in response to the C> prompt, will cause
CYCLER4 to execute and redirect its output to RUN.DAT. Then
RUN.DAT can be sent to a printer or examined with a text

editor.

Typical Operating Procedure

The user must determine the information that goes into
the description files. In the cell description files, the
user must decide which cells are active and which are not.
The positioner coordinates that lead to maximum system
throughput for a given cell can be determined experimentally
with RUNXKEYA.C. From examination of representative spectra
collected with the system, the user decides which
wavelengths are to be used in the analysis. The sequence of
the components does not matter as long as it is kept
consistent between the cell description and spectrum

description files.

Each active cell that is not a single component
calibration standard must be calibrated and verified. This
is done by preparing a set of calibration mixtures. The
spectrum description file spec0.dat describes the spectra to
be taken. Spectrum files must obey the MS-DOS naming rules.
Spectra flagged with a 1 will be used for training. Spectra

flagged with a 0 will be used for verification. Both
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services are provided by CHEMO.FOR. The known composition
vector is noted at the time the sample is prepared. The
components of the composition vector are listed in the same
sequence as the component names in the cell description
file. The values are floating point numbers that represent
the percentage of each component present. The composition

components should total to 100.0.

After the samples are prepared, and the description files
are set up, a spectrum of each mixture is collected with
SPECTRUM.C. The spectra are saved as ASCII lists of floating
point numbers to the files listed in the spectrum
description file. After the spectra are collected, the user
generates the calibration data from the calibration flagged

spectra by invoking CHEMO.FOR.

After the calibration data are generated, the user can
also verify its accuracy by CHEMO.FOR. This program reports
the predicted compositions and errors of the spectra flagged
as verification spectra. If the error is greater than
acceptable, there are two possible causes. There may be too
much noise in the data, or there may be too much correlation

in the samples.

Random noise in the training samples and the verification

samples introduces error into the accuracy of the
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prediction. [Martens 89, pp. 241-246] If there is too much
noise in the system, the user might take the following steps
to improve the signal to noise ratio. First, check the laser
output power. Realignment and cleaning of the laser mirrors
may increase signal output. Second, check that the
positioner coordinates really are at the optimal coupling
position. Third, check to see if bubbles are forming at the
probe tip. Fourth, check the alignment of the
interferometer. Finally, add more liquid nitrogen to the
detector. Once the signal to noise ratio is brought up to an
acceptable level, the training and verification need to be

rerun.

To obtain accurate analysis data, the data used to train
the system must have a high degree of linear independence.
[Martens 89, pp. 67-69] In practical terms, this means that
the concentrations of the components in the training samples
must have a low level of correlation. If the signal to noise
performance of the system is adequate, but the prediction
error is unacceptably high, it is possible that the
concentrations in the training samples are too highly
correlated. The correlation of concentrations should be
calculated (perhaps with a statistical analysis program),
and a new training set with lower correlations should be
formulated. Once the new training set is made up, the

training and verification must be rerun.
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Only after an accurate analysis matrix has been verified
for each active non-calibration cell, should the monitoring
program be run. A calibration cell is one that contains a
pure concentration of some known strong Raman scatterer such
as benzene. Any cell containing a single component is a
calibration cell. The normalization flag field in the cell
description file of the calibration cell contains the
expected value of the maximum peak height. This is taken by
observing the spectrum of the calibration sample under
nominal operating conditions. If the peak height of the
calibration sample drifts over time, a normalization factor
is calculated by comparing the actual peak height with the
expected peak height. For a given sample cell, in the cell
description file, the user may turn off the normalization by
entering 0.0 in the normalization flag field, or turn it on

by entering 1.0 in the normalization flag field.

Program Maintenance

The software is designed for straightforward maintenance.
The source codes are in ASCII, and can be updated with and
text editor or word processor that handles ASCII files.

Because the programs make extensive use of large matrices,

they must use the large memory model.




CYCLER4.C and SPECRO.C must be compiled with a compiler
that is compatible with Version 2.01 of the Microsoft Quick
C compiler. Due to their large memory demands, they will not
compile correctly within the Quick C editing environment.
They must be compiled at the operating system command level

with the command:

c>qgcl /c /AL /Gt3 /F 4FFF filename.c

gcl invokes the compiler. /c causes the system to compile
without linking. /AL invokes the large memory model. /Gt3
causes all data whose size is greater than three bytes to be
allocated to a new data segment. /F 4FFF causes the stack
size to be set to 4FFF hex bytes. For smaller stack sizes,
the programs will compile, but will produce runtime errors
due to stack overflow. After compilation, the object code
must be linked with the National Instruments object code.
Linking is accomplished by issuing the command 'link’,
without arguments, at the DOS prompt. The linker will query
for files. When it asks for object files, the compiled
object code and the object file MCIBL.OBJ are listed on one
line, separated by spaces. When the linker querys for the
library filename, the correct response is 1llibc7.1lib.

[Microsoft 88, pp. 67-92] [National 89b, p. 1-1}




Since the chemometric program consists of three different
source codes, the parts must be compiled separately, and the
object codes linked in a different operation. Compilation at

the operating system command level with the command: |
C>fl /c /Gt filename.for [Microsoft 87, pp. 63,232]

fl invokes the compiler. /c causes compilation without
linking. /Gt causes all data whose size is greater than 256

bytes to be allocated to a new data segment.

Linking is accomplished by issuing the command 'link',
without arguments, at the DOS prompt. The linker will query
for files. When it asks for object files, they are all
listed on one line, separated by‘spaces. When it asks for a

library file, the correct response is 1llibfor7.lib.




CHAPTER 9

HARDWARE INTERCONNECTIONS

Wiring

This chapter addresses the hardware interconnections
required to set up the system. Specifically, it covers
connections from the control computer, to the positioners,

the beam dump, and the interferometer.

The Three-Axis Positioners

Each positioner consists of four pieces of hardware plus
interconnecting cables. The four hardware items are the
plug-in board, the MC5300 controller, the motor driver and
the motorized stage. The plug-in board is permanently
connected via ribbon cable to the MC5300 controller. The
controller is connected through various cables to the motor
driver and the translating stage. It is critical that the
systems be correctly wired. That is, the wiring for
positioner 1 must not be confused with the wiring for

positioner 0. The wiring for a given axis must be connected

to the motor for that axis.




The stages are oriented and tagged such that the axes
correspond to a right hand Cartesian coordinate system.
Axis 1 corresponds to the X-direction. Axis 2 corresponds to

the Y-direction. Axis 3 corresponds to the Z-direction.

The position encoder for a given axis is the grey
rectangle on the stage for the given direction. The encoder
cable is permanently connected to the encoder, with a }
D-shell connector on its far end. The D-shell connector is ‘
connected to the encoder connector of the MC5300 Controller

for the given axis.

The limit switches for a given axis are in the black
rectangular box on the opposite side of the stage from the
encoder. The end of the limit switch box has a circular
cable connector. The limit switch cable has a circular
connector on the stage end, and a D-shell connector on the
controller end. The limit switches are connected to the
auxiliary connector of the MC5300 controller for the given

axis.

The positioner motor is the grey cylinder on the end of
the stage. The motor cable is about a foot long, permanently
mounted to the motor, and terminated in a circular
connector. The motor is connected to the motor driver

through a cable with a circular connector at both ends. One

145




end connects to the motor cable. The other end connects to
the "motor" connector on the motor driver. Each axis of the
motor driver is connected to the MC5300 controller through a
cable with a D-shell connector at both ends. One end is
connected to an "Indexer" connector on the Motor Driver. The
other end is connected to the corresponding "Motor Driver"

connector on the Controller.

The plug-in board plugs into any available long expansion
slot in an IBM-AT compatible. The address switches are set
such that positioner 0 is at I/0 port address 300 hex, and
positioner 1 is at I/0 port address 310 hex. Each board

controls three dimensions of movement.

No external DC power supplies are needed. Each MC5300
controller and each motor driver require 117 VAC power. The
motors get their power from the motor driver. When the motor
driver is switched off, the motors can be hand turned. When
the motor driver is switched on, the motors remain fixed in

position and resist hand turning.

Beam Dump

The purpose of the beam dump is to protect the end of the

excitation fiber connector during positioning operations.

During normal operation of the system, the laser is never
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turned off. Before a positioning operation occurs, the beam
dump is moved between the laser and the microscope objective
to block the laser beam. Once reposiitioning is finished,
the beam dump is moved out of the way, and the laser power

is coupled into the newly positioned fiber.

The beam dump is moved by a 24 volt DC solenoid, the
power to which is controlled by a solid state relay. When a
logic low (0 volts) is fed into the relay, the solenoid is
energized. When a logic high is fed into the relay, the
solenoid is de-energized. Logic signals come from line 2 of
the parallel printer port of the computer. The relay and the

printer port are both TTL compatible. [IBM 84b]

When the solenoid is energized, it lifts the beam dump
out of the path of the excitation laser beam. When the
solenoid is de-energized, the beam dump falls into position

by the force of gravity.

Interferometer

The control computer is connected to the interferometer

through an IEEE-488 bus. A National Instruments IEEE-488

cable is used to connect the IEEE-488 interface card in the

control computer to the IEEE-488 interface connector on the




front of the interferometer controller. The connectors are

stackable.

In operation of the IEEE-488 bus, both the IBM-AT
compatible and the Perkin-Elmer 7500 computer (the system
that normally interacts with the interferometer) act as
controllers. This creates a conflict. Therefore, one or the
other must be physically disconnected from the IEEE-488 bus

for the other to operate normally.

The address switch on the front if the interferometer
controller is normally set at address 2. This is the address
for which all control software will look. It is not to be

changed.

A useful technique for troubleshooting the IEEE-488 bus
is to use a bus analyzer. A National Instruments GPIB410 bus
analyzer card is installed in an outboard microcomputer and
connected to the bus through an IEEE-488 cable. It can force

logic levels onto the bus, or it can monitor and record all

activity on the bus.




Chapter 10

CONCLUSIONS
Future Work

This research has raised several questions for further
investigation. In particular, can the overall cost of the
system be reduced by using an improved probe design? A
separate research project, in which predictions of the
computer model are being investigated experimentally, is
attempting to answer this question. Can the chemometric
predictions be improved through the use of neural networks.
A project to investigate this question is under way.
Finally, can the signal to noise.ratio of the present system
be improved? Perkin-Elmer has developed a new amplifier with
a claimed improvement of 3 dB as compared to the existing
design. One of the new amplifiers is on order and will be
installed on the existing system. In addition, a higher
powered laser than the one currehtly in use will be

installed on the system.

Operation of the system on the isopropanol column is
almost certain to lead to changes in the control software.
As operating contingencies are discovered and recovery

strategies are devised, these must be added to the control
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system. The present system checks if all the hardware is
ready, and if all the calibration data are loaded. If not,
the system returns to the operating system. Contingencies
that occur while the system is operating cannot be handled

so simply. To do so would put the column out of operation.

Accomplishments

This research has led to a number of specific
accomplishments in optical design of the system. Maximum
efficiency in coupling a laser to a fiber is obtained when
using a microscope objective whose numerical aperture is
slightly less than that of the fiber. The present system
couples 86.15% of the laser power into the fiber as compared
to a reflection limited maximum of 87.6%. It was shown both
experimentally and mathematically that the Raman scattering
detected by the Dow probe occurs at distances up to 90 mm
from the probe tip, dictating the use of a large sample
cell. A procedure using ray matrices has been developed to
design a fiber bundle to instrument coupling system that

assures maximum coupling efficiency.

The effect of long fibers on the system has been
investigated. The attenuation of the connections averages
0.9 dB. Attenuation of the 35 meter fiber is too small to

measure. Silica Raman scattering in the fiber is a much

150




bigger problem than attenuation. However, it can be overcome

by several means.

Software to calibrate and operate the system has been
developed and tested. At this point, everything works except
the direct automatic transfer of spectra from the

interferometer to the control computer.

Table 10-1 indicates the overall success of the research.
Nineteen acetic extract spectra were collected through the
35 meter fiber bundle. They were used to train both the
CIRCOM chemometrics program on the Perkin Elmer 7500
computer and the CHEMO chemometrics program in the control
system software. For three verification samples on both
systems, the RMS errors for acid and solvent concentration

predictions were within the 2% limit.
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APPENDIX A

HARDWARE SPECIFICATION




Mixtures to be Tested

The system that results from this research is to be a
general purpose analyzer that can be applied to distillation
columns in many industries. It will be suitable for analyz-
ing many different kinds of mixtures. To test the systen,

two mixtures will be used during phase two.

One mixture (referred to as acetic extract) consists of
acetic acid, water and a proprietary solvent used by Tenn-
essee Eastman. This is the mixture found in the first com-
mercial distillation column on which the system will be
installed in phase three. Since acetic acid is a weak Raman
scatterer, this mixture poses a severe test to the on-line

sensor.

The other mixture (referred to as isopropanol) is a
mixture of isopropanol and distilled water. This is the
mixture used in the UT Chemical Engineering distillation
column. The prototype will be installed here before it is
installed on the commercial columns. Since the Raman peak is
a non-linear function of the isopropanol concentration, this

mixture poses a severe test to the chemometric analysis

algorithm.




Definition of Satisfactory Performance

The concentration of a component in a sample can vary
between 3% and 99%. The on-line system must predict the
concentration with an error of not more than 2% RMS. Error
is defined as actual % less predicted %. RMS error is the
RMS value of all composition predictions made on several
different samples. The amount of error is in the same units
as the concentrations; it is not percent error in the usual

sense.

Excitation

The excitation wavelength is 1.064 microns. For suit-
able signal to noise performance, a two watt single mode
laser is needed. To minimize maintenance, a diode pumped YAG

laser is desirable, should one come on the market.

Data Collection Time

Data collection time is 3 minutes. The phase two system
is designed to monitor five different points. With three
minutes per cycle allowed for each monitoring point, then
the system should be able to efficiently monitor columns

with a fifteen minute time constant. The on-line system is
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to generate a suitable Raman spectrum in 2.2 minutes (16
scans). In the remaining 48 seconds the spectrum must be
transformed into a composition analysis, and the control
system to reposition the multiplexer optics for the next

reading.

Probe

Probes should be of the Dow 6-around-1 design. The
probe housing should be between 6 and 8 inches long and made
of stainless steel. The probe should be no more than 5/8"
diameter. The end of the probe should have a quartz window
0.5 mm to 1.0 mm thick. O-rings used in probe assembly
should be made of Kalrez, and must not be vulnerable to

attack by the sample or by common solvents such as toluene.

Resolution and Bandwidth
For a general purpose instrument the resolution must be
two wave numbers. A minimum bandwidth of 600 wave numbers is
needed. For some mixtures, a bandwidth of 3000 wave numbers

may be required. To meet these requirements, an inter-

ferometer must be used to obtain the spectrum




Multiplexers

Time division multiplexing will be accomplished with
computer controlled 3-axis motorized optical translation
tables. There will be one table for the excitation fiber and
one for the receiving bundle. The tables will have at least
2 inches of movement in each dimension. The maximum trans-
lation rate will be on the order of 2 inches per second. A
single circuit board which can be plugged directly into an
IBM-AT compatible computer will control the three linear
positions of a three-axis linear translation table. There
will be one limit switch per axis to indicate a home pos-
ition. There will be one limit switch per axis to indicate
the end of travel position. There will be an absolute pos-
ition encoder that can be read bf the controlling circuit
board. The encoder will determine absolute position to
within at least 0.001 mm resolution and at least 0.005 mm

accuracy. The system shall be capable of moving the table

along any of the three axes in steps of as small as 0.001

mm.

Chemometric Software

Chemometric analysis will be performed by the control

computer. Multiple linear regression will be used in the

initial implementation.




APPENDIX B

CONTROL SYSTEM SOFTWARE SPECIFICATION




Hardware

Interfaces between the analyzer control computer (an
IBM-AT compatible, UT Tag Number 399509) and the other
hardware is shown in Figure B-1. This is the configuration
of the system in its operational form on an actual
distillation column. Not all these features need to be

implemented for laboratory testing of the instrument.

An RS-232 port is the interface with the column process
control computer. A composition data stream will be

continuously fed to the process control computer.

The analyzer control computer issues commands to, and
receives spectra from, the 68000 based interferometer

controller via an IEEE-488 (GPIB) bus.

The status of the system will be monitored by detecting
various analog voltages. These will be fed into the analyzer
control computer via the analog to digital convertor. An
analog test point voltage, proportional to the infrared
detector signal level will be used for peaking positioners,
if needed. The presence (or absence) of scattered signal
will be detected by the photodiode. The rate of fluid flow

into the sample cells will be detected by analog flow

detectors.
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Figure B-1. Control System Interfaces




Optical multiplexing is done by two 3-axis positioners,

one for the excitation fiber, and the other for the
receiving fiber bundle. When the analyzer control computer
selects a cell, it directs the positioners to move that
cell's fibers into the foci of the optical couplers. Each
positioner has a motor controller card in the PC. The card
handles positioning of three motors, reading current
position coordinates from encoders, and checking the status

of positioner limit switches.

To prevent the laser from damaging the end connectors
of the excitation fibers, the beam dump dissipates laser
power during positioning operations. The analyzer control
computer sends a flag on one of the control lines of the
printer port. The flag is detected by TTL logic which used
it to actuate a solenoid. The system moves the beam bump
into the path of the infrared beam before the positioning
operation begins. It moves the beam dump out of the path of

the beam before the task of taking the spectrum begins.
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Assumptions

In the operational version of the on-line composition

sensor, the following conditions are expected:

In normal operation, fluid will flow continuously
through the sample cell. The flow rate will be fast
enough that the entire volume of the cell will be

exchanged at least once per column time constant.

Rate of flow of fluid into the sample cell will be
measured by a sensor. The sensor will return a binary
flag to the control software. A TRUE condition means
the flow rate is above the safe threshold. A FALSE
condition means the flow rate is below the safe

threshold and requires operator intervention.

Temperature in the sample cell will be measured, but is

not expected to be used by the control software.

Chemometric analysis of spectra will be done by a
multiple linear regression function built into the

control software.

Infrared spectra can be used for analysis directly.

They need not be transformed into Raman offsets.
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10.

A single IBM-AT compatible will handle both control and

analysis.

Composition data will be fed to the column control

system in a continuous stream via an RS-232 line.

For each reading made by the analyzer, the data stream
to the column control computer will include the time,
date, cell number, number of component, identifying
strings and measurements for each component, and an

error byte.

The error byte will consist of flags with indications

of contingencies.

Positioners will be set to a remembered set of
coordinates. They will not be automatically peaked

unless experience with the system on the isopropanol

column indicates that it is necessary.




Operating Cycle

In the operational version of the analyzer on the
column, for normally unattended operation, the operating

cycle program (cycle2.exe) will have the following steps:

1. Select the next connected sample cell.
2. Move the beam dump into the blocking position.
3. Move the selected excitation fiber into the focus of

the input coupler.

4. Move the selected receiving fiber bundle into the
object area of the output coupler.

5. Move the beam dump to the unblocked position.

6. Check the photodiode to see if scattered light is being
generated.

7. Reposition the receiving fiber bundle for peak test
point voltage. (Note: This step will only be included
if testing indicates that it is necessary.)

8. Issue a command to the interferometer to collect a

spectrun.

9. Wait for the interferometer to issue a "spectrum
complete” message. Waiting time should have an upper
bound.

10. Issue a command to the interferometer to send the

spectrum to the analyzer control computer.




11. Convert the spectrum into a format usable by the
chemometric function.

12. Compute the composition from the spectrum.

13. Formulate the composition message.

14. Save the composition message to a file.

15. Send the composition message to the process control
computer via the RS-232 port.

16. Go to step 1 and repeat the cycle.

Initial laboratory testing will be attended operation,

and a simpler operating cycle program (cyclel.exe) will be

used:

1. Select the next connected sample cell.

2. Move the beam dump into the blocking position.

3. Move the selected fibers into the foci of the couplers.

4. Move the beam dump to the unblocked position.

5. Issue a command to the interferometer to collect a
spectrum.

6. Wait for the interferometer to issue a “spectrum
complete” message. Waiting time should have an upper
bound.

7. Issue a command to the interferometer to send the

spectrum to the analyzer control computer.
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8. Convert the spectrum into a format usable by the

chemometric function.

9. Compute the composition from the spectrum.

10. Formulate the composition message.

11. Save the composition message to a file.

12. Poll the key buffer. If a Ctrl-X has been entered,
close the output file and return to the operating
system; otherwise, return to step 1 and repeat the

cycle.

Training the Chemometric Algorithm

Two additional programs are needed to collect training
spectra and to train and verify the chemometric algorithm.
The collection program (spectrum.exe) will consist of the

following steps:

1. Read the spectrum and cell description files.
2. Move the beam dump into the blocking position.
3. Move the selected fibers into the foci of the couplers.

4. Move the beam dump to the unblocked position.

5. Wait for the user to indicate that the next sample is
ready.
6. Issue a command to the interferometer to collect a

spectrunm.




10.

11.

Wait for the interferometer to issue a "spectrum

complete" message. Waiting time should have an upper
bound.

Issue a command to the interferometer to send the
spectrum to the analyzer control computer.

Convert the spectrum into a format usable by the
calibration program.

Query the user whether or not the spectrum is
satisfactory. If it is, save it to a file; if it is
not, collect a new spectrum for this sample.

If the last spectrum saved is the last in the list of
spectra to be collected, return to the operating
system; otherwise, return to step 5 and collect the

next spectrum.

The training program (chemo.exe) will consist of the

following steps:

Read the spectrum description, cell description, and
spectrum data files. .
Using multiple linear regression, compute the analysis
data (this is the actual training step).
Calculate composition from verification spectra.
Store the regression data to a file.

Return to operating system.
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External Files

Cell data files (cella0.dat through cella4.dat):

These are ASCII files prepared by the user with a text
editor. Each file will contain information about a
particular sample cell. It will contain the cell number, an
"in use" flag (clear if the cell is not being used), the
number of components in the cell mixture, a list of
component identifying strings, the number of samples used
for training, the name of the file containing the trained

matrix for this cell, and stage coordinates for this cell.

Spectrum files:

These are files generated by the collection program and

used by the training program. They will contain spectral

data in a convenient format.

Matrix files (matrixO0.dat through matrix4.dat):

These are files that contain the data generated by the
training program. The cycle program will use the data

contained in this file, along with the current spectrum to

compute composition.




Spectrum description file (specoO.dat):

This ASCII file contains the cell number that is to be

calibrated, the count of spectra, a list of spectrum files,

and a list of corresponding composition vectors.

Output file (messages.dat):

This ASCII file is a running log of the composition

messages generated during the operating cycle.




Output Data

During the operating cycle, each composition reading
will generate an ASCII string containing the composition
data. Each datum will be delimited by a space. The string
will include the time, date, cell number, error byte, peak
spectrum value, number of components, a list of component
pairs (each pair being a string and a composition number),

and a string ending delimiter of "AR."

All inferences (such as "broken fiber") will be drawn
by the process control computer, based on the contents of
the error byte. The contingencies that will use the bit
positions in the error byte will be determined by operating

experience in the latter part of phase 2.
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APPENDIX C

EXPERIMENTAL DATA: REPRESENTATIVE SPECTRA




This Appendix includes Raman spectra for three rep-
resentative distillation mixtures. The Eastman mixture
consists of acetic acid, water, and a proprietary entraining
solvent. The UT Chemical Engineering mixture consists of
isopropanol and water. The Hercules mixture consists of
cumene hydroperoxide, dimethyl benzyl alcohol, acetophenone,
and cumene. In addition, spectra for benzene are included.
Benzene is a strong Raman scatterer and is used as a cal-

ibration standard.

Free optics spectra were taken using the sample chamber
in the conventional configuration if the FT-Raman system.
Short fiber spectra were taken both with the Dow probe (6-
around-1 design) and the EIC probe (4-around-1 design). Long
fiber spectra were taken with a Dow probe, but using low

water fibers. The fiber bundle is 35 meters long for both

excite and receive.
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APPENDIX D

EXPERIMENTAL DATA: CHEMOMETRIC ANALYSIS




This Appendix includes the results of the chemometric
measurements for three representative distillation mixtures.
The Eastman mixture consists of acetic acid, water, and a
proprietary entraining solvent. The UT Chemical Engineering
mixture consists of isopropanol and water. The Hercules
mixture consists of cumene hydroperoxide, dimethyl benzyl

alcohol, acetophenone, and cumene.

All measurements were taken through fibers using a Dow
6-around-1 probe. For the cumene readings, a modified sample
cell scheme, illustrated in Figure D-1, was used. Since its
fumes are dangerous to breathe, a closed sample cell must be

used for cumene.

For each of the three mixtures, twenty samples, each
varying in composition, were prepared and Raman spectra were
obtained. For the short fiber experiments, two spectra were
taken for each sample. One spectrum is the average of 16
interferometer scans (2.2 minutes collection time). The
other spectrum is the average of 64 interferometer scans
(8.7 minutes collection time). Since the spectrum is the
average of many scans, a large number of scans tends to
average out the system noise. By quadrupling the number of

scans, the noise in the spectrum should be reduced by a

factor of two.
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In addition, a long fiber experiment was conducted.

Nineteen samples of the Eastman mixture were prepared and
Raman spectra were obtained through the 35 meter fiber
bundle. Since preliminary measurements had shown that more
laser power would be needed to obtain the desired signal to
noise performance for 2.2 minute collection times, spectra
were only collected for 8.7 minute collection times. The
long fiber results predict the performance of the system for

2.2 minute collection times if the laser power were doubled.

In the short fiber experiments, for each mixture and at
each collection time, sixteen of the spectra were used as a
learning set to create CIRCOM chemometrics program
calibration files. For each mixture and collection time,
four different bandwidths were used. Hence, a total of 24
different calibration files were created in the learning

process.

In the long fiber experiments, for the Eastman mixture
at 8.7 minute collection time, sixteen of the spectra were
used as a training set to create CIRCOM chemometrics program
calibration files. Four different bandwidths were used.

Hence, four calibration files were created.
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Short fiber experiment bandwidths were as follows. For
all mixtures and collection times, calibration files were
created using data from the 3750-400 wave number band, and
the 1220-620 wave number band (1200-600 for the Eastman
mixture). Calibration files were created in the 1200-800
band for the Eastman mixture, the 1220-820 band for the UT
mixture, and the 1300-500 band for the Hercules mixture. 1In
addition, calibration files were created for which regions
of the spectrum suspected of containing noise but no useful
signal were blanked out. For these calibration files, the
full 3750-400 band was used for all mixtures. Blanked
ranges were 3750-2980, 2700-1820, and 1420-1210 for the
Eastman mixture, 3750-2940, 2800-1180, and 780-400 for the
UT Chemical Engineering mixture, and 3750-2940, 2800;1300,

and 500-400 for the Hercules mixture.

Long fiber experiment bandwidths were as follows.
Scheme 1 included the 1000-978, 903-894, and 830-816 wave
number bands. Scheme 2 included the entire 1000-816 wave
number band. Scheme 3 included the 903-816 wave number band.

Scheme 4 included the 903-894 and 830-816 wave number bands.

In the long fiber experiment, the presence of silica
Raman features was a major cause for concern. The acetic

acid and solvent features both fall within a silica band.
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The successive narrowings of bandwidth in the long fiber
scheme represent successive exclusions of silica Raman
features. Scheme 4 includes only the acetic acid and solvent

bands.

After the calibration files were created, CIRCOM was
used to analyze each of the four remaining spectra by doing
a multiple linear regression analysis of the spectrum
against the calibration file. The result is a prediction of
the composition that can be compared against the known

composition.

Error is defined as the actual percentage less the
predicted percentage composition. It is not a percent error
in the usual sense. Maximum error is the maximum absolute
value of error for all predictions for a set of four samples
of a mixture at a given bandwidth and scan rate. RMS error
is the square root of the mean of the sum of the squared
errors for the same predictions. Standard deviation is the
standard deviation of all the squared errors for the same
predictions. Note that for the isopropanol mixture, the

standard deviation is taken for the actual errors, not the

squared errors.




Computed errors in multiple linear regression (MLR)

predictions are presented in Tables D-1 for the Eastman
mixture through short fibers, D-2 for the Eastman mixture
through 35 meter fibers, D-3 for the isopropanol mixture,
and D-4 for the Hercules mixture. For the Eastman mixture
through short fibers, root mean squared (RMS) error is
graphed in Figure D-2, maximum absolute error in Figure D-3,
and standard deviation of squared error in Figure D-4. For
the Eastman mixture through long fibers, RMS error is
graphed in Figure D-5, maximum absolute error in Figure D-6,
and standard deviation of squared error in Figure D-7. For
the isopropanol mixture through short fibers, RMS error is
graphed in Figure D-8, maximum absolute error in Figure D-9,
and standard deviation of error in Figure D-10. For the
Hercules mixture through short fibers, RMS error is graphed
in Figure D-11, maximum absolute error in Figure D-12, and

standard deviation of squared error in Figure D-13.

Computed errors in partial least squares (PLS)
predictions are presented in Table D-5 for the Eastman
mixture through short fibers. RMS error for PLS compared to

MLR is graphed in Figure D-14. Maximum error for PLS

compared to MLR is graphed in Figure D-15.
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Table D-2. Long Fiber Eastman Chemometric Errors

Wave number ranges used for analysis:
1l 1000-978, 903-894, 830-816 wn
2 1000-816 wn
3 903-816 wn
4 903-894, 830-816 wn

Errors Observed in Chemometric Predictions:

1 2 3 4

Sample SAW3

% acid -1.481 0.219 -0.639 -1.366
% solvent -3.214 -6.569 -5.342 0.100
% water 4.793 6.364 5.877 4.559
Sample SAW1l1l

% acid -0.189 -2.953 -2.076 -0.043
% solvent 1.363 4.148 3.935 2.045
% water -1.130 -1.507 -1.989 -0.274
Sample SAW15

% acid -0.022 -0.211 -0.821 -0.227
% solvent -2.436 -0.807 -0.510 1.293
% water 2.389 1.685 1.418 2.282
RMS 2.364 3.581 3.165 1.939
std. Deviation 6.919 16.356 12.393 6.284

Absolute Max. 4.793 6.569 5.877 4.559
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Chermomelrics tor Isopropanol /Water
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Figure D-10. Short Fiber Isopropanol Std. Deviation
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Table D-5. Eastman Partial Least Squares Errors

For the Eastman mixture through short fiber scanning ranges:

1l region: 993-561 wave numbers
3 regions: 2978-2794, 1820-1634, 997-544 wave numbers
4 regions: 1052-1004, 992-863, 841-812, 664-568 wave numbers

Errors Observed in Partial Least Squares Predictions:

16 scans 16 scans 16 scans
1 region 4 regions 3 regions

Sample AWSS

% acid -2.153 -0.5767 =1.3537
% acid 3.4732 1.5475 1.658
% acid -0.5031 -0.6122 -0.3463
Sample AWS1l1

% acid -1.8791 -2.0467 =-4.7134
% acid 4.6288 3.8096 6.3912
% acid -0.4134 -0.2195 -0.1057
Sample AWS19

% acid 1.077 0.4021 -0.4403
% acid 0.1269 0.9926 1.1871
% acid -0.2246 -0.2491 -0.1382
Sample AWS19

% acid 0.5283 1.6513 -0.3298
% acid 0.6748 -1.0999 1.2318
% acid -0.1278 -0.1536 -0.1019
RMS 1.916085 1.5005969 2.433015
Absolute Max. 4.6288 3.8096 6.3912

222




S . t -
N AN
N // /,
N N
// / // N /
/,/ /////
/, / ,///,
//, AN //
//,/ ,// ~ b /,/,,/
O\

NICRIRIISIS!

ind 3N €S1d ¥ S1d
e S S I N S
1/ 4/ , ,,l/ |44///
S . N // //
////, ™ /
N AN /, AN NN
N : O\ ~ "
N NN
N L
AN // B . . ,///
N U N N
/// AN //,, N
~ N ,,/ / //,,,//
. AN
,// // ’ ,./,
N ,/, . / ///
h / . AN // AN
//// /,//n N )
AN
. AN

dIH °*SA §1d 1031I1d SWY °*$T1-d 2anbrtdg

suess g [ ]
% PoJoIpaid - % |enjoy = Jou3

//
U
/,, ~
AN
N
NS N -
U
NN .
SN - ¥e

OEOICOW _._Umu Jo} ._Oh._uxmzm

UDAUH ST | o) Sl potiiotiiot )

J0u3

223




TIN °SA SId I0Iad WNWIXeW °*GT-d 2InbBTJ
sueas g| | |

% PaJIIPaId - % |ENJOY = Jou3

00F 4 WN 009 4N 4 dWN € Sd ¥ sid 1S

| 1 |
/,/ . //// N\ // b // N
L N N N
SERN N // N N A // /
O // N LN N // N // N N
| N I NN R NN I SN B NN
. N / -, / s S " AN
N . oo AN N N
AN s N RS ,,// . ,,.// /// /.// SO\
SN RSN NN NN RN .
) N Mi»lr; ,// N // N N
Vl N /,/ // N // // ,,/ //////,,
N // S AN AN AN
AN AN / /
AN // AN N
AN § . . // ~ n u
N . // h \
O “ s ,,,/// N // /,/, “ //// m— ~
. N AN N AN
//, Lo . //// B
N N
/H,/// /,/
. [ N
) -5
. ,,// N - 9
. NN

— L h

oEoLow yoeg 1o} J0413 E:E_wm—z

Lo ) WD ST 1O S o othiotitaty)




APPENDIX E

EXPERIMENTAL DATA: CENTER OF SCATTERING




Procedure

The equipment for this experiment was set up as shown
in Figure E-1. Its purpose was to observe the Raman
scattering spectrum for benzene when excited by infrared
radiation at 1.064 microns. Detailed observations of the
spectra were made with the CDS software provided with the

Perkin-Elmer computer.

The sample cell consisted of a 50 ml graduated cylinder
filled with benzene. The fiber optic probe was immersed in
the benzene. Great care was used to align the center of the
probe with the center of the cylinder. Note the dimension X
on the diagram. This was the distance from the bottom face
of the fiber optic probe and the bottom of the graduated

cylinder.

The questions addressed by this experiment include the
following: Does the X dimension affect the observed
spectrum? How do signal intensity and signal to noise ratio

vary as X varies? Is there an optimum value for X?
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The experimental procedure was as follows: The end of

the probe was aligned with a graduation mark on the
cylinder. At each alignment a spectrum was taken. The
following conditions were held constant: Radiation power at
the sample was 725 milliwatts. Resolution was two wave
numbers. The final spectrum was the average of 8 scans. The

total time to generate each spectrum was 1.1 minutes.

Observed Data

Plots of two representative spectra are shown in
Figure E-2. Both plots show the strong benzene line at 980
wave numbers and the weaker benzene bands in the 1200 and
1600 wave number area. For spectra taken with the probe
close to the bottom of the vessel, some additional features
appear. These consist of a band with a peak at 2954 wave
numbers and glass features in the 1250-450 wave number band.
These are spectral features of the bottom of the vessel.
Thus the spectrum taken with the probe at the 2 ml mark
shows the benzene spectrum with the spectrum of the bottom

of the vessel superimposed.
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Raman Spectrum for Benzene - 2 ml mark
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Figure E-2. Representative Benzene Profile Spectra




Observed data are recorded in Table E-1. Each line in
the table summarizes a different observation. The meaning of
the data in each column is as follows: The ml mark is the
mark with which the probe was aligned for a given
observation. The distance is the corresponding distance of
the bottom of the probe to the bottom of the vessel. The
desired signal intensity is the intensity of the benzene
line at 980 wave numbers. The two undesired signals are the
intensities of the two bands with peaks at 2954 and 814 wave
numbers. These are artifacts of the bottom of the vessel. As
such they are not random. Hence, strictly speaking, they are
not noise. They are undesired signals. The ratio of the
desired signal to the undesired signal is calculated for
both undesired signals. For this experiment, noise is
defined as the peak intensity in the 1500-1250 wave number
band. The signal to noise ratio is the ratio of the 980 wave
number benzene peak to the peak intensity (at whatever wave

number it occurs) in the noise band as defined above.

In order to clarify the tabulated data, several graphs
are included (Figures E-3, E-4, E-5 and E-6). Figure E-3
shows the noise and undesired signals plotted against the X
dimension. Note that the intensities tend to decrease with
increasing X out to a distance of about 40 mm. Then they

tend to level off. The most important measure in an infrared
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Raman system is the signal to noise ratio. This is indicated

in Figure E-4. The signal to noise ratio increases rapidly
from low values of X out to 40 mm. At 40 mm it reaches a
local maximum, and is not very sensitive to distance for
higher values of X. Figure E-5 shows ratios of desired to
undesired signals. Finally, Figure E-6 show the intensity of
the desired signal as a function of X. The maximum value of

the benzene peak occurs when X is 40 mm.

Conclusions

In taking Raman spectra of benzene, probe placement
matters. The probe end should be at least 40 mm from the
bottom of the vessel. This keeps the observed spectrum

relatively free of undesired signals.

While the X dimension should be about 40 mm for best
results (for benzene), the exact dimension is not critical.
A variation of 10 mm either way has almost no effect on the
signal intensity and minimal effect on the signal to noise

ratio.

When the probe is very close to the bottom of the
vessel, the intensity of the benzene drops off (indicating
that less scattering is occurring in the benzene) and the

vessel artifacts become prominent (indicating that a large
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proportion of unscattered light is passing through the thin
layer of benzene and interacting with the vessel). These
effects drop off as X increases. As X increases to about 90
mm the undesired features vanish into the noise.In addition,
the increasing intensity of the benzene peak out to 40 mm
indicates an increase in the amount of Raman scattering
occurring in the benzene. These effects taken together
indicate that most of the Raman scattering detected by the
system occurs relatively far from the probe end (in the 10
to 100 mm range). This was a surprising discovery. The
intuitive expectation was that most of the scattering would

occur within one millimeter of the probe.

The implication of the above discovery is that
protecting the probe in with a low loss window will not
cause serious degradation in the observed spectra.
Subsequent experiments have shown this prediction to be

true.




APPENDIX F

EXPERIMENTAL DATA: NUMERICAL APERTURE




Procedure

The measurement of numerical aperture was done using
the equipment shown in Figure F-1. Excitation was provided
by a HeNe laser. The excited end of the fiber was mounted
in a three axis positioner which was, in turn, mounted on a
Newport calibrated rotating stage. Geometry was arranged so
that the end face of the fiber was at the center of rotation
and normal to the axis of the excitation beam when the
rotating stage was set to zero. The fiber was coupled to
the excitation by directly immersing the end of the fiber
into the collimated laser beam. The other end of the fiber
was fed directly into the sensor of a Newport 815 power
meter. No coupling optics were used at either end of the

fiber.

Power meter readings were taken at one degree intervals
as the face of the fiber was rotated through the collimated
laser beam. Numerical aperture was found by taking the sine
of half the contained angle between the 5% power points.

Five different fibers were measured using this procedure.
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Observed Data

The first measurement was taken on a 500 meter roll of
Newport F-MLD fiber. The vendor claimed that the core
diameter was 101 microns, cladding diameter was 140 microns,
and numerical aperture was 0.29. The second set of data was
taken on the two meter long excitation (center) fiber of the
original 6-around-1 probe loaned to the project by Dow. The
core diameter was 400 microns and the expected numerical
aperture was 0.22. These data are shown in Table F-1, and in

Figures F-2 and F-3.

Similar measurements were made several factory
terminated low water 400 micron core fibers. Data were taken
for a one meter long C Technologies SRA-4-1-1-02 jumper, and
for the excitation fibers of 35 meter and 10 meter fiber
bundles custom manufactured by C Technologies. The 35 meter
bundle was measured in its coiled configuration as delivered
from the factory. The 10 meter fiber was measured in its
coiled configuration as delivered from the factory. Since it
was in a smaller diameter coil than the 35 meter bundle, it
was rewound to about the same coil diameter as the 35 meter

bundle and measured again. The data are shown in Table F-2

and Figure F-4.




Stage

Table F-1. Newport and Dow Fibers

Rotation

Setting Angle
Degrees Degrees

342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

WO WO

500 Meter
Newport Fiber:

Power %
Reading of Peak

0.565 2.9%
2.510 13.1%
4.375 22.8%
6.430 33.5%
8.705 45.4%
10.235 53.4%
11.640 60.7%
12.995 67.8%
14.280 74.5%
15.615 81.5%
16.300 85.0%
17.060 89.0%
17.850 93.1%
18.290 95.4%
18.710 97.6%
19.140 99.8%
18.020 99.2%
19.170 100.0%
18.765 97.9%
18.245 95.2%
17.805 92.9%
17.120 89.3%
16.220 84.6%
15.105 78.8%
14.195 74.0%
12.735 66.4%
11.415 59.5%
9.840 51.3%
7.895 41.2%
6.005 31.3%
4.785 25.0%
2.855 14.9%
1.460 7.6%
0.390 2.0%
0.045 0.2%
0.010 0.1%
0.000 0.0%
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2 Meter Dow
Probe Fiber:

Power

%

Reading of Peak
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Conclusions

Fractional angles corresponding to 5% of peak intensity
are calculated by linear interpolation. The observed

numerical apertures are summarized in Table F-3.

Table F-3. Numerical Apertures

Fiber Expected Observed
Type Value Value
Newport 500 m .29 .278
Dow 2 m .22 .225
Cc 1m .22 .395
C 10 m tight coil .22 .318
C 10 m loose coil .22 .323
C 35 m .22 .341

It was anticipated that long fibers would have a lower
numerical aperture than the short fibers due to attenuation
of complex modes. It was surprising that the 10 meter fiber
had a slightly smaller numerical aperture than the 35 meter
fiber. It is suspected that a tight local radius somewhere

within the 10 meter bundle caused it to attenuate complex

modes a little more than the 35 meter bundle.




Figure F-4 shows a distinct head and shoulders pattern
in the low water fiber response. This is plainly visible in
visible light when the output of the fiber is projected onto
a white card. The head and shoulders pattern is also
visible in the infrared when the fiber output is projected

onto a fluorescent card.

The surprising result of these measurements is that the
numerical aperture of the low water fibers appears to be in

the neighborhood of .33 instead of the expected value of

.22.
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APPENDIX G

EXPERIMENTAL DATA: CONNECTION LOSS MEASUREMENT




Procedure

This experiment consisted of coupling the 1.064 micron
output of the CVI C95 laser into 1 meter lengths of 400
micron core diameter fibers terminated with low loss
connectors and connected with bushings. The fibers were C
Technologies SRA-4-1-1-02 fibers with factory installed
connectors. The fibers were joined with C Technologies
bushings. Coupling of the laser to the fiber was by a 5X
microscope objective (0.12 numerical aperture). The other
end of the fiber was pointed directly into the sensor of a

Coherent Model 210 optical power meter.

The ends of each of the three different fibers were
tagged with numbers so that the losses of all the different
possible combinations of faces could be measured. First the
fiber receiving power directly from the laser was adjusted
in the 3 axis positioner until maximum output was read at
the other end. Then the other fiber(s) to be tested were
connected via bushings, and the resulting output was
measured. Then the other fibers were disconnected, and the
output of the fiber directly coupled to the laser was
measured again. The average of the first and third power
readings was taken as the input power to the connection(s).

This was to compensate for the small but noticeable power
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drift of the laser. The middle reading was the output
reading. The ratio of output to input powers was the basis
for calculating the dB loss for the system of connectors.
36 different combinations of sequences of tagged ends were
measured by the above procedure. Each set of measurements

was repeated four different times.

Observed Data
Tables G-1 and G-2 and Figures G-1 and G-2 are a
statistical summary of the observations. These summaries are
based on the individual observations listed in Tables G-3,

G-4, G-5, and G-6.

It is obvious from the data that run 4 is out of line
with all the others. Close inspéction of the raw data
suggests that end 4 of the 3-4 fiber was damaged when the
3-4:5-6 reading was attempted on run 4. The first reading
was 570 mw and the third was 360 mw. It is also noteworthy
that measurements in the fourth run not involving fiber 3-4
are in line with previous runs. Inspection of end 4 with a
lens while shining white light through end 3 indicates
visible damage to end 4. Inspection of all ends under the
microscope indicates considerable scoring and scraping of
the finish. Note that these fibers were brand new at the

beginning of the experiment.
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Table G-1. Loss Statistics per Measurement

Losses: dB per Connection

Run 1 Run 2 Run 3 Run 4
Count: 36 36 36 36
Mean: 0.81669 0.88373 0.9643 1.9613
Std Dev: 0.14549 0.15955 0.1293 0.7941
Minimum: 0.49882 0.20203 0.6835 0.8266
Maximum: 1.11633 1.10631 1.1760 3.6797

Table G-2. Cumulative Loss Statistics

Losses: dB per Connection

Run 1 Run 1-2 Run 1-3 Run 1-4
Count: 36 72 108 144
Mean: 0.81669 0.85021 0.8882 1.1565
Std Dev: 0.14549 0.15632 0.1573 0.6262
Minimum: 0.49882 0.20203 0.2020 0.2020
Maximum: 1.11633 1.11633 1.1760 3.6797
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Table G-3. First Connector Loss Measurement

Input Power Qutput Average

connector (Milliwatts) Power Input

Sequence Beginning End (mw) (mw) Ratio dB dB/connector
1-2 3-4 5-6 585 582 402 583.5 0.6889 -1.618 ~0.80907
1-2 3-4 6-5 582 585 440 583.5 0.7540 =-1.225 -0.61294
1-2 4-3 5-6 570 580 405 575.0 0.7043 ~-1.522 -0.76106
1-2 4-3 6-5 570 575 455 572.5 0.7947 =-0.997 =-0.49882
2-1 3-4 5-6 565 565 360 565.0 0.6371 -1.957 -0.97872
2-1 3-4 6-5 565 565 410 565.0 0.7256 -1.392 -0.69632
2-1 4-3 5-6 560 560 375 560.0 0.6696 -1.741 -0.87078
2-1 4-3 6-5 550 560 415 555.0 0.7477 -1.262 -0.63122
1-2 5=6 3-4 575 575 450 575.0 0.7826 -1.064 -0.53227
1-2 6-5 3-4 560 565 415 562.5 0.7377 -1.320 ~0.66037
1-2 5-6 4-3 560 560 360 560.0 0.6428 -1.918 ~0.95942
1-2 6-5 4=~3 560 570 370 565.0 0.6548 -1.838 ~0.91923
2-1 5-6 3-4 550 565 400 557.5 0.7174 -1.441 -0.72092
2-1 6-5 3-4 570 550 365 560.0 0.6517 -1.858 =0.92947
2-1 5-6 4-3 540 550 345 545.0 0.6330 -1.985 =-0.99288
2~1 6-5 4-3 550 550 345 550.0 0.6272 -2.025 -1.01271
5~6 1-2 3-4 510 510 355 510.0 0.6960 -1.573 ~0.78670
6-5 1-2 3-4 525 530 355 527.5 0.6729 -1.719 -0.85997
5-6 1-2 4-3 510 515 370 512.5 0.7219 -1.414 ~0.70746
6-5 1-2 4-3 530 530 355 530.0 0.6698 -1.740 -0.87023
5-6 2-1 3-4 520 515 365 517.5 0.7053 ~-1.516 =~0.75808
6-5 2-1 3-4 525 520 365 522.5 0.6985 -1.557 ~0.77896
5-6 2=-1 4-3 515 510 325 512.5 0.6341 -1.978 =-0.98905
6=5 2-1 4-3 515 525 335 520.0 0.6442 -1.909 -0.95479%9
1-2 3-4 582 582 502 582.0 0.8625 -0.642 -0.64219
1-2 4-3 582 582 500 582.0 0.8591 -0.659 =-0.65952
2-1 3-4 560 560 470 560.0 0.8392 -0.760 -0.76090
2-1 4-3 S50 555 460 552.5 0.8325 -0.795 =-0.79574
3-4 5-6 550 550 455 550.0 0.8272 -0.823 =-0.82351
-4 6-5 550 52 465 550.0 0.8454 -0.729 =-0.72909
4-3 5-6 560 550 450 555.0 0.8108 -0.910 -0.91080
4-3 6-5 540 565 455 552.5 0.8235 -0.843 -0.84320
1-2 5-6 565 565 455 565.0 0.8053 -0.940 -0.94037
1-2 6-5 575 575 475 575.0 0.8260 -0.829 -0.82974
2-1 5-6 555 555 435 555.0 0.7837 -1.058 =~1.05803
2-1 6-5 5




Table G-4. Second Connector Loss Measurement

Input Power Output Average
Connector (Milliwatts) Power Input
Sequence Beginning End (mw) (mw) Ratio dB dB/connector
1-2 3-4 5-6 540 540 345 540.0 0.6388 -1,945 -0.97287
1-2 3-4 6-5 540 535 365 537.5 0.6790 ~1.680 -0.84042
1-2 4-3 5-6 535 545 355 540.0 0.6574 -1.821 -0.91082
1-2 4-3 6-5 540 545 355 542.5 0.6543 -1.841 -0.92085
2-1 3-4 5-6 540 545 335 542.5 0.6175 ~2.093 -1.04677
2-1 3-4 6-5 540 540 340 540.0 0.6296 -2.009 -1.00457
2-1 4-3 5-6 540 540 355 540.0 0.6574 -1.821 -0.91082
2-1 4~-3 6-5 545 545 350 545.0 0.6422 -1.923 -0.96164
1-2 5-6 3-4 545 545 365 545.0 0.6697 -1.741 -0.87051
1-2 6-5 3-4 540 540 345 540.0 0.6388 ~1.945 -0.97287
1-2 5-6 4-3 535 530 355 532.5 0.6666 ~1.760 -0.88045
1-2 6-5 4~3 520 540 345 530.0 0.6509 -1.864 -0.93228
2-1 5-6 3-4 545 545 340 545.0 0.6238 -2.049 -1.02458
2-1 6-5 3-4 545 540 350 542.5 0.6451 -1.903 -0.95165
2-1 5-6 4-23 540 540 350 540.0 0.6481 ~-1.883 -0.94162
2-1 6-5 4-3 545 550 360 547.5 0.6575 ~1.820 -0.91040
5-6 1-2 3-4 540 540 350 540.0 0.6481 ~-1.883 -0.94162
6-5 1-2 3-4 540 540 340 540.0 0.6296 -2.009 -1.00457
5«6 1-2 4-3 540 535 350 537.5 0.6511 -1.863 =0.93155
6-5 1~-2 4-3 540 540 340 540.0 0.6296 -2.009 -1.00457
5-6 2-1 3-4 535 540 330 537.5 0.6139 -2.,118 -1.05932
6-5 2-1 3-4 540 835 335 537.5 0.6232 -2.053 -1.02666
5-6 2-1 4-3 540 535 370 537.5 0.6883 -1.621 -0.81088
6-5 2-1 4-3 535 535 350 535.0 0.6542 -1.842 ~0.92142
1-2 3-4 540 540 460 540.0 0.8518 =-0.696 -0.69635
1-2 4-3 545 540 465 542.5 0.8571 ~0.669 -0.66946
2-1 3-4 555 545 525 550.0 0.9545 -0.202 -0.20203
2-1 4-3 545 525 455 535.0 0.8504 -0.703 =-0.70342
3-4 5-6 520 525 405 522.5 0.7751 -1.106 -1.10631
2-4 6-5 525 525 430 525.0 0.8190 ~0.866 -0.86690
4-3 5-6 525 525 420 525.0 0.8 -0.969 -0.96910
4-3 6-5 525 520 445 522.5 0.8516 -0.697 -0.69726
1-2 5-6 540 540 455 540.0 0.8425 =-0.743 -0.74382
i-2 6-5 540 545 460 542.5 0.8479 -0.716 -0.71641
2-1 5-¢6 540 540 440 540.0 0.8148 -0.889 -0.88941
2-1 6-5 530 540 445 535.0 0

.8317 ~-0.799 -0.79993




Input Power

Table G-5. Third Connector Loss Measurement

(mw)

340

365
360

345

Connector (Milliwatts)
Segquence Beginning End
1-2 3-4 S5-6 525 530
1-2 3-4 6-5 530 540
1-2 4-3 5-6 540 540
1-2 4-3 6-5 540 540
2-1 3-4 5-6 550 555
2-1 3-4 6-5 555 550
2-1 4-3 5=-6 550 555
2-1 4-3 6=-5 550 560
1-2 5-6 3-4 540 535
1-2 6-5 3-4 535 535
1-2 5-6 4-3 535 535
1-2 6=5 4-3 540 540
2-1 5-6 3-4 560 560
2-1 6-5 3-4 550 550
2-1 5~6 4-3 550 550
2-1 6-5 4-3 550 550
5-6 1-2 3-4 550 550
6-5 1-2 3-4 570 570
5-6 1-2 4-3 540 550
6-5 1«2 4-3 570 570
5-6 2-1 3-4 550 560
6-5 2-1 3-4 570 570
5-6 2-1 4-3 560 560
6-5 2-1 4-3 570 570
1-2 3-4 540 540
1-2 4-3 540 540
2-1 3-4 555 555
2-1 4-3 550 550
3-4 5-6 510 515
32-4 6-5 515 515
4-3 5-6 530 530
4-3 6-5 530 530
1-2 5-6 540 540
1-2 6-5 540 540
2-1 5-6 550 560
2-1 6-5

Output Average
Power

Input

(mw) Ratio dB dB/connector
527.5 0.6066 -2.170 -1.08536
535.0 0.6261 -2.033 -1.01654
540.0 0.6018 -2,205 =-1.,10255
540.0 0.6666 -1.760 -0.88045
552.5 0.7239 -1.402 -0.70136
552.5 0.6606 -1.800 -0.90019
552.5 0.6063 -2,172 ~1.08643
555.0 0.6486 ~1.879 -0.93995
537.5 0.6790 -1.680 -0.84042
535.0 0.5887 =-2.300 -1.15021
535.0 0.6355 -1,968 -0.98437
540.0 0.6296 -2.009 ~-1.00457
560.0 0.625 =-2.041 -1.02059
550.0 0.5818 ~-2.352 ~1.17606
550.0 0.6 -2.218 ~1.10924
550.0 0.5818 =-2.352 -1.17606
550.0 0.6181 -2.088 -1.04441
570.0 0.6315 ~-1.995 -0.99786
545.0 0.6513 -1.861 -0.93084
570.0 0.6403 -1.,935 =-0.96790
555.0 0.6486 -1.879 -0.93995
570.0 0.6140 -2.118 ~1.05903
560.0 0.6071 -2.167 -1.08354
570.0 0.6052 -2.180 -1.09027
540.0 0.7962 ~0.989 -0.98925
540.0 0.8518 -0.696 -0.69635
555.0 0.7927 =-1.008 ~-1.00840
550.0 0.8363 -0.776 =-0.77604
512.5 0.8195 -0.864 -0.86444
515.0 0.8543 -0.,683 =-0.68354
530.0 0.8113 -0.908 ~0.90807
530.0 0.8301 -0.808 =-0.80823
540.0 0.7962 =-0.989 =-0.98925
540.0 0.8240 -0.840 -0.84033
555.0 0.7927 =-1.008 -1.00840

-0.85430




Table G-6. Fourth Connector Loss Measurement

Input Power Output Average

Connector (Milliwatts) Power Input

Sequence Beginning End (mw) (mw) Ratio dB dB/connector
1-2 3-4 5-6 570 570 190 570.0 0.3333 ~4.771 ~-2.38560
1-2 3-4 6-5 565 560 195 562.5 0.3466 ~4.600 =-2.30043
1-2 4-3 5-6 565 565 170 565.0 0.3008 =-5.215 -2.60799
1-2 4-3 6-5 565 570 195 567.5 0.3436 -4,639 -2,.31965
2-1 3-4 5-6 570 560 175 565.0 0.3097 =-5.090 -2.,54505
2-1 3-4 6-5 565 560 190 562.5 0.3377 -4.713 ~2.35684
2-1 4-3 5-6 560 555 165 557.5 0.2959 -5.287 =-2.64380
2-1 4-3 6-5 560 565 195 562.5 0.3466 -4.600 -2,30043
1-2 5-6 3-4 570 565 220 567.5 0.3876 -4.115 -2.05771
1-2 6-5 3-4 570 555 220 562.5 0.3911 -4.076 -2.03849
1-2 5-6 4-3 560 560 175 560.0 0.3125 =-5.051 -2.52574
1-2 6=5 4-3 565 565 175 565.0 0.3097 =-5.090 -2.54505
2-1 5-6 3-4 560 565 205 562.5 0.3644 -4.383 =-2.19184
2-1 6-5 3-4 565 565 210 565.0 0.3716 -4.298 -2.14914
2-1 5-6 4-3 565 570 170 567.5 0.2995 =-5.235 -2,.61758
2-1 6-5 4-3 565 58% 170 560.0 0.3035 ~-5.177 -2.58869
5-6 1-2 3-4 515 520 330 517.5 0.6376 -1.953 =-0.97698
6-5 1-2 3-4 510 515 315 512.5 0.6146 -2.113 -1.05691
5-6 1-2 4=-3 510 520 335 515.0 0.6504 -1.867 =-0.93381
6-5 1-2 4-3 540 540 335 540.0 0.6203 =-2.,073 -1.03674
S5-6 2-1 3-4 510 515 325 512.5 0.6341 -1.978 -0.98905
6-5 2-1 3-4 545 540 320 542.5 0.5898 =-2.292 -1.14624
5-6 2-1 4-3 515 510 335 512.5 0.6536 -1.846 -0.92324
6-5 2-1 4-3 535 540 340 537.5 0.6325 -1.988 -0.99449
1-2 3-4 555 560 290 557.5 0.5201 =-2.838 -2.83846
1-2 4-3 560 560 240 560.0 0.4285 -3.679 =3.67976
2-1 3-4 560 555 300 557.5 0.5381 -2.691 -2.69123
2-1 4-3 555 560 240 557.5 0.4304 -3.660 =-3.66033
3-4 5-6 360 360 210 360.0 0.5833 -2.340 =-2.34083
3-4 6-5 360 365 210 362.5 0.5793 ~-2.370 -2.37088
4-3 5-6 390 390 275 390.0 0.7051 =-1.517 -1.51731
4-3 6-5 390 385 305 387.5 0.7870 -1.039 ~1.03971
1-2 5-6 560 560 435 560.0 0.7767 =-1.096 =-1.09698
1-2 6-5 560 565 465 562.5 0.8266 -0.826 -0.82669%
2-1 5-6 555 5585 4 555.0 0.7387 =-1.315 ~1.31509
2-1 6-5 560 560 44> 560.0 0.7946 -0.998 -0.99828

260




Conclusions

Due to damage to end 4, the fourth run is not
considered valid. lLoss statistics for design purposes should
be taken from the composite results of the first three runs.
An average loss of 0.9 dB per connection is a reasonable

assumption based on the observed data.

Note that there is a degradation of performance and
appearance of the connectors with handling. Each run
produced about 0.1 dB worse performance than the previous
run. During each run, each connector was connected and
disconnected between 50 and 100 times. In practice,
connections and disconnections should be made a bare minimum

number of times.
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APPENDIX H

CODE LISTING: PROBE ANALYSIS PROGRAM
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APPENDIX I

CODE LISTING: DOUBLE LENS COUPLER DESIGN PROGRAM
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APPENDIX J

CODE LISTING: PROTOTYPE I/O PROGRAMS




/* UT Measurement and Control Engineering Center */

/* */
/* Stephen W. Kercel March 2, 1990 */
/* */
/* driver.c */
/* w/
/* Program to move the Daedal 3-axis positioner and to read its position */
/* from the encoder. */
* */

/* This program moves the positioner, prints out its new coordinates, moves*/
/* it back to its point of origin, and prints out those coordinates. The */
/* purpose of this program is to demonstrate the functions used to move the*/
/* positioner and read the encoder. In the overall control program for the */
/* Raman system, the functions will probably be copied from this program. */
/* This program supersedes the C program in the Daedal MC 5300 Controller */

/* manual. */
/* */
/* CAUTION: */

/* This program is not portable. It was developed under Microsoft Quick C, */
/* using Microsoft library functions for 1/0. The 1/0 messages are hardware*/

/* dependent, being specifically designed for the Daedal PC23 indexer. */
/* */
/* DO NOT COMPILE THIS PROGRAM WITH ANY COMPILER EXCEPT MICROSOFT QUICK C */
/* VERSION 2.01 OR HIGHER. */
/* */
/* RUN THE EXECUTABLE CODE ONLY ON A PC EQUIPPED WITH DAEDAL PC23 CIRCUIT */

/* BOARD, MAKE SURE THE I/0 ADDRESS SWITCH SETTINGS ON THE BOARD AGREE WITH

*/

/* THE 1/0 ADDRESS IN THE DECLARED CONSTANTS OF THIS PROGRAM. */
/* */
/* FAILURE TO OBSERVE THE ABOVE PRECAUTIONS WILL LEAD TO UNEXPECTED RESULTS*/
/* */
/* Input Data: */
/* Positioner command strings - hard coded into main function */
* */
/* Output Data: . */
/* New stage location - Stage moves; new coordinates displayed */
/* */
/* Functions called from main(): */
/* initialize() - Assures that PC23 board is ready to accept commands */
/* writecmd() - Sends a single character to the PC23 board */
/* readanswer() - Reads a single character from the PC23 board */

/********i*i******i********t***t*t**t***i**'k***t***ii**ﬁ****t**i**********fi/

/*headers*/

#include <stdio.h> /* 1/0 headers standard for most C programs*/
#include <string.h> /* headers for string handling -- Microsoft library*/
#include <conio.h> /* 1/0 headers -- Microsoft library*/

/*defined constants*/
#define TRUE 1

#define FALSE O
#define ADDRESSO 0x300
#idefine ADDRESS1 0x310
#define MAXINT 32000
#define RETURN OxD

/* In addition to the general purpose defined constants listed above, */

/* the control of the positioner makes use of various status and control*/
/* bit masks. Pages 22-30 of the PC23-03 manual describe the functions of*/
/* each registers bits (with the exception of the status registers bit 7*/
/* which indicates if the PC23 buffer is over half full). Page 30 gives*/
/* a step by step procedure of the handshaking process. Page 62 explains*/
/* the differences between the binary write (time distance) function and*/
/* the normal write function. */
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#define
#define
#idefine
#define
#define
#define
#define
#define
#idefine
#define
#define
#idefine
#define
#define

FAIL 0x20 /* 0010 0000 */
START_M Ox7F /* 0111 1111 */
INTCLR 0x20 /* 0010 0000 */
RESTART 0x17 /* 0001 0111 */
POSITIVE 0x8000 /* 1000 0000 0000 0000 */
ALDONE Ox7 /* 0111 */

STOP Ox64 /* 0110 0100 */
START O0x40 /* 0100 0000 */
€8 0x60 /* 0110 0000 */

€81 Ox61 /* 0110 0001 */
10B_M Ox1C /* 0001 0000 */
108 Ox7¢ /* 0111 0000 */
IDB1 Ox71 /* 0111 0001 */
ODB 0x8 /* 1000 */

#idefine ACK OxEQ /* 1110 0000 */

#define BFULL 0x80 /* 1000 0000 */ /*checks buffer status*/

/* All preceding compiler directives are overhead. The actual program*/
/* starts here. No global variables have been declared. */
main()

(

/*local declarations and initializations */

char message(81] =

» 1A10 1v10 10100000 2A10 2v10 20100000 G12 1PR *;

/* string that moves positioner */

char answer([81] = “4; /* holder for string that reports position */
int address = ADDRESS0;/* address of 1/0 board for this positioner */
int goflag = TRUE;/* 1=> OK to procede */

/*main body of function*/

/*move positioner and report its new position*/

initialize(address,&goflag); /* set up PC23 */
if (goflag) /*procede only if PC23 got set up ok*/
(

writecmd(address,message); /* move positioner */
readanswer(address,answer); /* find location of positioner */
printf("\nAxis is now at position=Xs\n", answer);

/*move positioner back to start position*/

strcpy(message,” 1H 2H G12 1PR *); /*update command string*/
writecmd(address,message); /*move positioner*/

/*wait for positioner to return to start position*/

/*wait for motors to stop moving*/

while ((inp(address+1) & ALDONE) != ALDONE) /* bitwise AND */

readanswer(address,answer); /*find location of positioner*/
printf("\nAxis is now at position=%s\n", answer);

)

)

/* function initialize() */
r* */
/* Function to reset the PC23 board */
/* This function assures that the board is ready to accept commands from */
/* program. The PC23 must have its address set for the first value in the */
/* user data file, or the program will exit. (ie goflag will clear) */
/* */
/* input data: */
/* adr - 1/0 address of port */
I* */
/* output data: */

/* gofrag - TRUE => port set up ok */




/*
/* functions called: none
/*

/***t*t***t*t*i**tt'***t**ﬁ******t**i********itti**ttt*******t****t*******i*/

initialize(adr,gofrag)

int adr; /*address of PC23 board*/

int *gofrag;/*TRUE => board set up 0K */

(
/* locat declarations and initializations®*/
int i=0; /*loop counter*/

/*function starts here*/

/* Page 30 step 1 */

/* STOP mask forces bits 2, 5 and 6 high*/

/* bit 2 times out and stops the watchdog timer */

/* bit 5 restarts the watchdog timer */

/* bit 6 resets the interrupt latch */
outp(adr+1,STOP); /* stop whatever the port is doing */

/* Page 30 step 2 */
/* wait for bit 5 to go high indicates port fail*/
while (!((inp(adr+1)) & FAIL))

’

/* Page 30 step 3 */

/* START mask forces bit 6 high */

/* this resets the interrupt latch */
outp(adr+1,START);

/* Page 30 step 4 */

/* CB mask forces bits 5 and 6 high */

/* this resets interrupt latch and watchdog timer */
outp(adr+1,CB);

/* Page 30 step 5 */

/* START_M mask is all bits high but 7 */

/* RESTART mask is bits 0, 1, 2 and &4 high */

/* indicates motors not running and input data buffer ready */
/* loop causes the system to wait for this pattern */

/* to appear, but it gives up after 32000 iterations */

while (((inp(adr+1) & START_M) != RESTART) && (i++ != MAXINT))

’

if (i >= MAXINT) /* PC23 timed out */

(
printf(*Initialization of PC23 timed out\n");
*gofrag = FALSE;/* will force main() to quit */
b
else

*gofrag = TRUE; /*all is well - PC23 did initialize*/

/* Page 30 step 6 */

/* INTCLR mask is but 5 high */
/* restarts watchdog timer */
outp(adr+1, INTCLR);

/* Page 30 step 7 */

/* CB mask forces bits 5 and 6 high */

/* this resets interrupt latch and watchdog timer */
outp(adr+1,CB);




/* writeemd() */
/* */
/* function writes a command string to the PC23 port */
/* program writes command to port by sending one character at a time */
/* */
/* input data: */
/* adr - address of port */
/* msg - command message */
r* */
/* output data: *y
/* s - individual message characters sent to port */
/* */
/* functions called: */
/* writech() - send one character to port */
r* */

/t**t*******t*****t**Q***if***t*t*****i***t**ti**f#ti***i***t**tth*t*****t*/

writecmd(adr,msg)
int adr;/*address of PC23 board*/
char msgll;/*command string*/

{

/*this loop starts by pointing at the initial character in */

/*the array. it writes the character to the address then advances*/

/*the string pointer. when the thing pointed at by the string */

/*pointer is 0, as at the end of string marker, the loop quits */

while (*msg) /*while thing pointed at is not zero, keep going*/

writech(adr,*msg++); /*write character being pointed at*/

)
/* function readanswer() */
/* */
/* function reads status request response string from PC23 */
* */
/* input data: */
/* addr - address supplied by calling function */
/* msg - string received from PC23 port */
/* */
/* output data: */
/* msg - string passed back to calling function */
’* */
/* functions called: */
/* readch - reads one character from port */
/* */

/**ti********t****t***********i********iti*******i*****************t**i****l

readanswer(adr,msg)
int adr;/* address of PC23 port */
char msg(l;/* holder for string */

<

/*go get a character from the port*/

/*write it to the address pointed at by msg*/

/*advance pointer to next address*/

/*keep going until you get end of line marker*/

while ((*msg++ = readch(adr)) != RETURN)

*msg = '\0';/*end of string*/
3
/* function writech() */
/* */
/* Function writes a single character to the PC23 port */
/* %/
/* Input data: */

/* addr - address of PC23 port *y




/*
/*
/i
/*
/*
/*
/*

alpha - character passed in from calling function

Output data:
alpha - character written to port

Functions called: None

/t**********t***t*******i*************i*****tltt*ttt*ttt'ﬁ*t***l*******ﬁ***/

writech(addr,alpha)

int addr;/*address of PC23 port*/

char alpha;/*character being sent*/

/* Page 30 step 1 - ASCll character passed as parameter */

<

)

/* Page 30 step 2 */

/*wait until bit 4 becomes 1*/

/* wait for input data buffer to become ready to receive data*/
while(t(inp(addr+1) & IDB_M))

/* Page 30 step 3 */
outp(addr,alpha);/*send character*/

/* Page 30 step 4 */

/*raise bits 4 5 6 */

/* bit 4 transmit character from buffer to system*/
/* bit 5 reset watchdog timer */

/* bit 6 reset interrupt latch */
outp(addr+1,1DB);/*send command byte*/

/* Page 30 step 5 */
/*wait for input dats buffer to clear*/
while(inp(addr+1) & IDB_M)

/* Page 30 step 6 */
/*reset watchdog timer*/
/*reset interrupt latch*/
outp(addr+1,CB);

/* This step not described on page 30 */
/*wait for input data buffer to become ready to receive data*/
while(!(inp(addr+1) & IDB_M))

/*function readch()

/*
/*
/*
/*
/*
/*
/ﬁ
/*
/Q
/*
/*
/Q

/.

Function reads one character of a PC23 response to a status request
returns character response.

Input data:
addr - address provided by calling function
alpha - character provided by PC23

Output data:
alpha - character returned to calling function

Functions called: None

/****t*****i***********************t****ii**ﬁ********ﬁ*ﬁi*t****i***********/

readch(addr)
int addr;/*address of PC23 port*/
{




/* Page 30 step 1 */
char alpha=0;/*character to be fetched from PC23 and returned*/

/* Page 30 step 2 */

/*wait for a 1 at bit 3 */

/*wait until output data buffer is ready*/
while(!(inp(addr+1) & ODB))

’

/* Page 30 step 3 */
alpha = inpladdr);/*fetch a character from output data buffer*/

/* Page 30 step 4 */

/* bit 7 1 got it */

/* bit 6 reset interrupt latch */

/* bit 5 reset watchdog timer */

outp(addr+1,ACK); /*acknowledge receipt of character*/

/* Page 30 step 5 */
/*wait until output data buffer is not ready */
while(inp(addr+1) & 0ODB)

/* Page 30 step 6 */

/*reset interrupt latch and watchdog timer*/
outp(addr+1,CB);

return(alpha);




/* UT Measurement and Control Engineering Center */

* */
/* Stephen W. Kercel April 18, 1990 */
/* */
/* runxkeya.c */
’* */
/* */
/* Program gets command strings interactively from the user, and issues */
/* them to the positioner at the specified address to */
/* move the Daedal 3-axis positioner and read its position */
/* from the encoder. */
/* */
/* CAUTION: */

/* This program is not portable. It was developed under Microsoft Quick C, */
/* using Microsoft Library functions for 1/0. The 1/0 messages are hardware*/
/* dependent, being specifically designed for the Daedal PC23 indexer. */

r* */
/* DO NOT COMPILE THIS PROGRAM WITH ANY COMPILER EXCEPT MICROSOFT QUICK C */
/* VERSION 2.01 OR HIGHER. */
" */

/* RUN THE EXECUTABLE CODE ONLY ON A PC EQUIPPED WITH DAEDAL PC23 CIRCUIT */
/* BOARD. MAKE SURE THE 1/0 ADDRESS SWITCH SETTINGS ON THE BOARD AGREE WITH*/

/* THE 1/0 ADDRESS IN THE DECLARED CONSTANTS OF THIS PROGRAM. */
I* */
/* FAILURE TO OBSERVE THE ABOVE PRECAUTIONS WILL LEAD TO UNEXPECTED RESULTS*/
/* */
/* Input Data: */
/* positioner command strings - from keyboard interactively */
/* positioner - specified by user 1 or 0 */
/* */
/* Output Data: */
/* New stage location - Stage moves */
/* */
/* Functions called from main(): */
/* inp_data() - querys user for positioner ] */
/* read_a_line() - gets a command string from user */
/* 1initialize() - Assures that PC23 board is ready to accept commands */
/* writecmd() - Sends a single character to the PC23 board */
/* readanswer() - Reads a single character from the PC23 board */

/*********ii*****************tt**i***********ititii*it*tﬁ*'l'**i***ti*********/

/*headers*/

#include <stdio.h> /* 1/0 headers standard for most C programs*/
#include <string.h> /* headers for string handling -- Microsoft library*/
#include <conio.h> /* 1/0 headers -- Microsoft library*/

#include <stdlib.h> /* Microsoft extensions */

/*defined constants*/
#define TRUE 1

#define FALSE O
#define ADDRESSO 0x300
fidefine ADDRESS1 0x310
#idefine MAXINT 32000
#define RETURN OxD

/* In addition to the general purpose defined constants listed above, */

/* the control of the positioner makes use of various status and control*/
/* bit masks. Pages 22-30 of the PC23-03 manual describe the functions of*/
/* each registers bits (with the exception of the status registers bit 7*/
/* which indicates if the PC23 buffer is over half full). Page 30 gives*/
/* a step by step procedure of the handshaking process. Page 62 explains*/
/* the differences between the binary write (time distance) function and*/
/* the normal write function. */

#define FAIL 0x20 /* 0010 0000 */




#define START_M Ox7F /* 0111 1111 %/

#idefine INTCLR 0x20 /* 0010 0000 */

#define RESTART O0x17 /* 0001 0111 %/

#idefine POSITIVE 0x8000 /* 1000 0000 0000 0000 */
#define ALDONE Ox7 /* 0111 */

#define STOP Ox64 /* 0110 0100 */

#define START Ox40 /* 0100 0000 */

#define CB Ox60 /* 0110 0000 */

#define CB1 Ox61 /* 0110 0001 */

#define IDB_M O0x10 /* 000V 0000 */

#define IDB Ox70 /* 0111 0000 */

#define 1DB1 Ox71 /* 0111 0001 */

#define ODB Ox8 /* 1000 */

#define ACK OxEO /* 1110 0000 */

#define BFULL 0x80 /* 1000 0000 */ /*checks buffer status*/

/* ALl preceding compiler directives are overhead. The actual program*/
/* starts here. No global variables have been declared. */

main()

4
int readflag;/* TRUE => read a message from PC23 */
int address;/*address of positioner*/
int goflag = TRUE;/*1 => positioner initialized */
int quitflag = FALSE;/* TRUE => halt return to DOS */
char s[801;/*file input buffer*/

inp_data(&address);/*query user*/
initialize(address,&goflag);/*set up PC23*/
if (goflag)

{
/*if positioner is there, write to it */
while(!quitflag)
(
read_a_line(s,&readflag,&quitflag);
if (Iquitflag)
¢
printf("\nBefore write -- string is Xs",s);
writecmd(address,s);
printf("\nAfter write");
if (readflag)
(
readanswer(address,s);
printf("\n Response is %s \n",s);
)
)
>
)
else
printf("\nPositioner did not initialize \n");
>
/* function read_a_line() */
/* */
/* gets a positioner command tine from the user */
* */
/* input data: */
/* s - string furnished by user */
r* */
/* output data (returned as parameters): */
/* s - command string */
/* rdfrag - TRUE => read a message from the positioner */

/* quitfrag - TRUE => return to DOS */




/* functions called: none */
/***t**i*f*Qtﬁ*************i*i*'**t*t*t**t***i****t*********t*****t*t****i**/

read_a_line(s,rdfrag,quitfrag)

char s[1;/*input data line*/

int *rdfrag;/*TRUE => read message from positioner*/
int *quitfrag;/*TRUE => return to DOS*/

<
/*local declarations*/
char loc_buf[81];/*local key buffer*/
char status[81];/*status message string*/
char stat_flag;/*first letter of status message*/
char go_flag;/*first letter of command message*/
/*function starts here*/
printf("\n");
printf("\Next positioner command (Ctrl-X to Quit): “);
fflush(stdin);
gets{loc_buf);
strcpy(s, loc_buf);
go_flag = *s;
strcat(s," ");
if (go_flag == ('X'-0X40))
*quitfrag = TRUE;
else
{
*quitfrag = FALSE;
printf("\nRead a status message (Y or N)? ");
scanf("%s", loc_buf);
strcpy(status, loc_buf);
stat_flag = *status;
if ((stat_flag == 'Y') || (stat_flag == 'y'))
*rdfrag = TRUE;
else
*rdfrag = FALSE;
>
)
/* function inp_data() */
/* */
/* gets filename and positioner from user */
/* */
/* input data (interactive from user): */
/* file_name - file containing commands */
/* positioner - number of positioner 1 or 0 */
/* */
/* output data (passed to calling function): */
/* file_name - file containing commands */
/* addr - 1/0 address of positioner */
/* */
/* functions called: none */
/* */

/***i*************tt**********t*i*i*tt**ﬁ*ii*tti*i*****t*********tti****it*i/

inp_data(addr)

int *addr;/* address of board*/

4
int positioner = -1;/*positioner number*/
char s[81];/*local key buffer*/

while ((positioner 1= 0) && (positioner !=1))

{
printf("\nPositioner number (0 or 1): ");
scanf("¥is",s);
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positioner = atoi(s);
)
if (positioner == 0)

*addr = ADDRESSO;

else
*addr = ADDRESS1;
)
/* function initiatize() */
/* */
/* Function to reset the PC23 board */

/* This function assures that the board is ready to accept commands from */
/* program. The PC23 must have its address set for the first value in the */

/* user data file, or the program will exit. (ie goflag will clear) */
/* */
/* input data: */
/* adr - 1/0 address of port */
/* */
/* output data: */
/* gofrag - TRUE => port set up ok */
/* */
/* functions called: none */
/* */

/**********i*i*******************************tt*********************ii******l

initialize(adr,gofrag)

int adr; /*address of PC23 board*/

int *gofrag;/*TRUE => board set up OK */

L4
/* local declarations and initializations*/
int i=0;/*loop counter*/

/*function starts here*/

/* Page 30 step 1 */

/* STOP mask forces bits 2, 5 and 6 high*/

/* bit 2 times out and stops the watchdog timer */

/* bit 5 restarts the watchdog timer */

/* bit 6 resets the interrupt latch */
outp(adr+1,STOP); /* stop whatever the port is doing */

/* Page 30 step 2 */
/* wait for bit 5 to go high indicates port fail*/
while (' ((inp(adr+1)) & FAIL))

’

/* Page 30 step 3 */

/* START mask forces bit 6 high */

/* this resets the interrupt latch */
outp(adr+1,START);

/* Page 30 step 4 */

/* CB mask forces bits 5 and 6 high */

/* this resets interrupt latch and watchdog timer */
outp(adr+1,CB);

/* Page 30 step 5 */

/* START_M mask is all bits high but 7 */

/* RESTART mask is bits 0, 1, 2 and 4 high */

/* indicates motors not running and input data buffer ready */
/* loop causes the system to wait for this pattern */

/* to appear, but it gives up after 32000 iterations */

while (((inp(adr+1) & START_M) 1= RESTART) && (i++ 1= MAXINT))




if (i >= MAXINT) /* PC23 timed out */

{
printf("Initialization of PC23 timed out\n");
*gofrag = FALSE;/* will force main() to quit */
)
else
*gofrag = TRUE; /*all is well - PC23 did initialize*/
/* Page 30 step 6 */
/* INTCLR mask is but 5 high */
/* restarts watchdog timer */
outp(adr+1,INTCLR);
/* Page 30 step 7 */
/* CB mask forces bits 5 and é high */
/* this resets interrupt latch and watchdog timer */
outp(adr+1,CB);
)
)
/* writecmd() */
* */
/* function writes a command string to the PC23 port */
/* program writes command to port by sending one character at a time */
/* */
/* input data: */
/* adr - address of port */
/* msg - command message */
/* */
/* output data: */
/* s - individual message characters sent to port */
/* */
/* functions called: */
/* writech() - send one character to port */
/* */

/***t*******t******i***********i***ﬁ*********t*i**********t*I****t*******i*/

writecmd(adr,msg)
int adr;/*address of PC23 board*/
char msg{];/*command string*/

<

/*this loop starts by pointing at the initial character in */

/*the array. it writes the character to the address then advances*/

/*the string pointer. when the thing pointed at by the string */

/*pointer is 0, as at the end of string marker, the loop quits */

while (*msg) /*while thing pointed at is not zero, keep going*/

writech(adr,*msg++); /*write character being pointed at*/

>
/* function readanswer() */
/* */
/* function reads status request response string from PC23 */
/* */
/* input data: */
/* addr - address supplied by calling function */
/* msg - string received from PC23 port */
I* */
/* output data: */
/* msg - string passed back to calling function */
r* */
/* functions called: */
/* readch - reads one character from port */
/* */

/*******tt***t*i******************tt*t*t**i*********ii****ti*********i*****l
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readanswer(adr,msg)
int adr;/* address of PC23 port */
char msg[J;/* holder for string */

(

/*go get a character from the port*/

/*write it to the address pointed at by msg*/

/*advance pointer to next address*/

/*keep going until you get end of line marker*/

while ((*msg++ = readch(adr)) != RETURN)

*msg = '\0';/*end of string*/
)
/* function writech() */
/* */
/* Function writes a single character to the PC23 port */
/* */
/* Input data: */
/* addr - address of PC23 port */
/* alpha - character passed in from calling function */
Vad */
/* Output data: */
/* alpha - character written to port */
/* */
/* Functions called: None */
/* */

/i*i****************t****t**t*t*********t**i******i***'k**i****t***i******ﬁ*l

writech(addr,alpha)

int addr;/*address of PC23 port*/

char alpha;/*character being sent*/

/* Page 30 step 1 - ASCII character passed as parameter */

{
/* Page 30 step 2 */
/*wait until bit 4 becomes 1*/
/* wait for input data buffer to become ready to receive data*/
while(!(inp(addr+1) & IDB_M))

/* Page 30 step 3 */
outp(addr,alpha);/*send character*/

/* Page 30 step &4 */

/*raise bits 4 5 6 */

/* bit 4 transmit character from buffer to system*/
/* bit 5 reset watchdog timer */

/* bit 6 reset interrupt latch */
outp(addr+1,1DB);/*send command byte*/

/* Page 30 step 5 */
/*wait for input data buffer to clear*/
while(inp(addr+1) & 1DB_M)

’
/* Page 30 step 6 */
/*reset watchdog timer*/
/*reset interrupt latch*/
outp(addr+1,CB);

/* This step not described on page 30 */
/*wait for input data buffer to become ready to receive data*/
while(!(inp(addr+1) & IDB_M))




/*function readch()

/*
/*
/*
/*
/*
/*
/*
/*
/*
/*
/*
/!
/*

Function reads one character of a PC23 response to a status request
returns character response.

Input data:
addr - address provided by calling function
alpha - character provided by PC23

Output data:
alpha - character returned to calling function

Functions called: None

/************************i*********************i********t**ti*i**********'*l

readch(addr)
int addr;/*address of PC23 port*/

{

/* Page 30 step 1 */
char alpha=0;/*character to be fetched from PC23 and returned*/

/* Page 30 step 2 */

/*wait for a 1 at bit 3 */

/*wait until output data buffer is ready*/
while(!(inp(addr+1) & 0DB))

/* Page 30 step 3 */
alpha = inp(addr);/*fetch a character from output data buffer*/

/* Page 30 step & */

/* bit 7 1 got it */

/* bit 6 reset interrupt latch */

/* bit 5 reset watchdog timer */
outp(addr+1,ACK);/*acknowledge receipt of character*/

/* Page 30 step 5 */
/*wait until output data buffer is not ready */
while(inp(addr+1) & ODB)

/* Page 30 step 6 */

/*reset interrupt latch and watchdog timer*/
outp(addr+1,CB);

return(alpha);




APPENDIX K

CODE LISTING: INSTRUMENT CONTROL PROGRAM




/* UT Measurement and Control Engineering Center */
/* */
/* Stephen W. Kercel June 14, 1990 */
/* */
/* cycleré4.c */
/* */

/* Program polls the hardware and files. If not ready, it returns to DOS. */
/* 1f files and hardware are ready, program cycles through each of 5 sample*/
/* cells. Each cycle consists of blocking the laser beam with the beam */
/* dump, positioning the excitation positioner to the proper coordinates, */
/* unblocking the laser beam, positioning the receiving positioner to the */
/* proper coordinates, collecting a spectrum of the sample from the */
/* spectrometer, calculating the composition vector from the spectrum */
/* vector and calibration matrix, and writing the composition message to */
/* the output data file. At the end of the cycle, the program polls the key*/
/* buffer to see if a ctrl-X has been issued. If not, the cycle repeats for*/
/* the next sample cell. When the user issues a ctrl-X, the program does an*/
/* orderly exit, resetting the spectrometer and closing the output file. */

I* */
/* CAUTION: */
/* This program is not portabte. It was developed under Microsoft Quick C, */
/* using Microsoft and National Instrument library functions. */
/* The 1/0 messages are hardware dependent, */
/* being specifically designed for two Daedal PC23 indexers, a */

/* Perkin-Elmer 1700 interferometer connected via a National Instruments */
/* 1EEE-488 board, and a TTL controlled solenoid run via the printer port. */

/* */
/* DO NOT COMPILE THIS PROGRAM WITH ANY COMPILER EXCEPT MICROSOFT QUICK C */
/* VERSION 2.01 OR HIGHER. */
/* */
/* RUN THE EXECUTABLE CODE ONLY ON A PC EQUIPPED AS DESCRIBED ABOVE. */
/* MAKE SURE THE 1/0 ADDRESS SWITCH SETTINGS ON THE BOARDS AGREE WITH */
/* THE 1/0 ADDRESSES IN THE DECLARED CONSTANTS OF THIS PROGRAM. */
/* */
/% FAILURE TO OBSERVE THE ABOVE PRECAUTIONS WILL LEAD TO UNEXPECTED RESULTS*/
/* */
/* Input Data: */
/* Files created by user with text editor: */
/* cella0.dat through cella4.dat - contain data for each cell */
/* Files created by chemometric training program: */
/* matrix0.dat through matrix4.dat - contain calibration matrix */
/* for each cell */
/* Vector obtained from spectrometer: */
/* spectrum0 - spectrum of current sample */
I* */
/* Output Data (sent to messages.dat): */
/* Composition message string -- one string per cycle */
I* */
/* Functions called from main(): */
/* pos_there() - Assures that PC23 boards are ready to accept commands */
/* set_mode() - sets PC23s to absolute positioning mode */
/* dofiles() - initializes arrays from cell and matrix files */
/* 9i191700() - assures that the spectrometer is there */
/* flip_dump() - moves beam dump solenoid */
/* move_stage() - move stage to next set of absolute coordinates */
/* get_spectrum() - collect spectrum through spectrometer */
/* composition() - compute composition vector */
/* erbyte() - compute the error byte */
/* write_log() - send composition message to log file */
/* ungig1700() - return spectrometer to conventional mode */
/* read_a_line() - reads key buffer checks for quit signal */

/***t***********i********t*t****t*****t**t'k***t*****tit**ﬁ*i*******it**t*i**/

/*headers*/
#include <stdio.h> /* 1/0 headers standard for most C programs*/
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#include <string.h> /* headers for string handling -- Microsoft library*/
#include <conio.h> /* 1/0 headers -- Microsoft library*/

#include <stdlib.h> /* Microsoft extensions */

#include <time.h> /* Microsoft extensions */

/*defined constants*/

#define TRUE 1

#define FALSE 0

#define ADDRESSO 0x300 /*positioner 0 address*/

fidefine ADDRESS1 0x310 /*positioner 1 address*/

#define ADDRESSZ Ox378 /*beam dump address*/

#define TIMEOUT 1200 /*maximum spectrum scan time in seconds*/
#idefine MAXINT 32000

#define RETURN OxD

#define MAXSPEC 25 /*maximum number of spectrum points used by a cell*/
#define MAXCOMPS &4 /*maximum number of components in a cell*/
#define MAXSTR 30 /*maximum component string length*/

#define MAXTRAIN 20 /*maximum number of training files*/
#define NCP1 21 /*MAXTRAIN + 1*/

/* In addition to the general purpose defined constants listed above, */

/* the control of the positioner makes use of various status and control*/
/* bit masks. Pages 22-30 of the PC23-03 manual describe the functions of*/
/* each registers bits (with the exception of the status registers bit 7*/
/* which indicates if the PC23 buffer is over half full). Page 30 gives*/
/* a step by step procedure of the handshaking process. Page 62 explains*/
/* the differences between the binary write (time distance) function and*/
/* the normal write function. */

#define FAIL 0x20 /* 0010 0000 */

#define START_M Ox7F /* 0111 1111 %/

#idefine INTCLR 0x20 /* 0010 0000 */

#define RESTART 0x17 /* 0001 0111 */

#define POSITIVE 0x8000 /* 1000 0000 0000 0000 */
#idefine ALDONE Ox7 /* 0111 */

#define STOP Ox64 /* 0110 0100 */

#define START Ox40 /* 0100 0000 */

#define CB Ox60 /* 0110 0000 */

#define CB1 Ox61 /* 0110 0001 */

#define IDB_M 0x10 /* 0001 0000 */

#define IDB 0x70 /* 0111 0000 */

#define 1DB1 0x71 /* 0111 0001 */

#idefine ODB 0x8 /* 1000 */

#define ACK OxEO /* 1110 0000 */

#idefine BFULL Ox80 /* 1000 0000 */ /*checks buffer status*/

/* ALl preceding compiler directives are overhead. The actual program*/
/* starts here. No global variables have been declared. */

main{)
<
/* declarations and initializations */

int k;/*loop counter*/

int |;/*axis pointer*/

int j;/*array pointer -- cell number*/

int modeflag = TRUE;/*1 => both positioners went home */

int goflag = TRUE;/*1 => both positioners initialized */

int quitflag = FALSE;/* TRUE => halt, return to DOS */

int retflag;/*TRUE => program ran ok*/

char s[80];/*key input buffer*/

char string_array[5] [MAXCOMPS] [MAXSTR] ; /*composition strings*/
int cellflag[5];/*TRUE => cell is active*/

int scans[5];/*number of scans used for current cell*/

int scount[51;/*number of points in spectrum of current cell*/
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float norm[5];/*normalization indicator for current cell*/

int spect (5] [MAXSPEC] ;/*spectrum wave numbers for current cell*/
int a = TRUE;/*TRUE => all files opened and had good data*/

int g5} = (0,0,0,0,0);/*number of components in this cell's mixture*/
long cellarray0Q[5][3];/*excite positioner coordinate vectors*/
long cellarrayi([5]) [3];/*receive positioner coordinate vectors*/
FILE *ff,*fopen();/*file handling pointers*/

float spectrumO[MAXSPEC];/*spectrum vector*/

float compD {MAXCOMPS] ;/*composition vector*/

float peak = 1.0;/*peak value of spectrum*/

float normfact = 1.0;/*height drift normalizing factor*/

char er_byte[3];/*error byte*/

int b;/*rumber of characters sent to output file this pass*/

int z;/*TRUE => spectrum collected ok*/

float f{5] [MAXSPEC] [MAXTRAIN];/*eigen spectra matrix*/

int nc(5);/*number of training spectra*/

float lambda[5] [MAXTRAIN];/*eigenvalue vectors*/

int np[5] [(MAXCOMPS];/*L2 retention count*/

int nloadp[5] [INCP1] [MAXCOMPS] ; /*load retention matrix*/

float beta([5) [NCP1] [MAXCOMPS];/*regression factors*/

/* the function starts doing work here */

/* pos_there(&goflag); */ /* check whether positioners are there */
if (goflag)
{
/* set_mode(&modeflag); */ /*send positioners home*/
goflag = goflag && modeflag;
b
if (goflag)
{

a = do_files(cellflag,cellarray0,cellarrayt,g,string_array,
scans, scount,norm, spect, f,nc, lLambda, np, nloadp,beta);
/*get data from files*/

goflag = goflag && a;

)]
if (goflag)
{
ff = fopen("messages.dat", "a");/*open output file*/
if (ff == NULL)
{
goflag = FALSE;
printf("\nOutput file failed to open\n¥);
)
)
if (goflag)
L4
a = gig1700(); /*gig the spectrometer*/
goflag = goflag && a;
)

if (goflag) /*if everything is ready*/
{
j = 0;/*initialize cell pointer*/
while(!quitflag)
{
if (cellflagljl) /*bypass inactive cells*/

{
/* flip_dump(1); */ /*move beam dump to block laser*/
/* move_stage(j,ADDRESSO,cellarray0); */ /*excitation stage*/
/* flip_dump(0); */ /*move beam dump to unblock laser*/
/* move_stage(j,ADDRESS1,cellarrayl); */ /*receive stage*/
z = get_spectrum(j,scount[j],spect,scans[jl,normlj],
normfact,spectrum0);
composition(beta,nloadp,np, Lambda, f,nc[jJ,spectrum0,gljl,
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scount[jJ, j,comp0,&peak,norm[j1,&normfact);
erbyte(er_byte);
b = write_log(ff,j,er_byte,peak,g{jl,string_array,comp0);
)
printf("\nEnd of cycle\n");
read_a_line(&quitflag);/*ctrl-X to quit to DOS*/
Ihad
i=j%5;
)
a = ungig1700();/*return spectrometer to conventional mode*/
fclose(ff);/*close output file*/
retflag = TRUE;

)
else
retflag = FALSE;
return(retflag);
}
/* First Level - Functions First Called by Main Functions */
/* function flip_dump() */
/* */
/* Function to operate the beam dump solenoid. */

/* The beam dump solenoid is controlled by the logic state on pin 2 of the*/
/* parallel printer port. A byte is written to the port address 378 hex. */
/* States of pins 2 through 9 on the printer port connector correspond to */
/* the states of bits 0 through 7 resectively of the output byte. Sending */
/* a 0 to the port latches pin 2 low. Sending a 1 to the port latches pin */

/* 2 high. */
/* */
/* CAUTION: DO NOT USE THIS FUNCTION IF THERE IS A PRINTER CONNECTED TO */
/* THE PARALLEL PRINTER ADAPTER. */
/* */
/* input data (parameter): */
/* flag - 1 => energize pin 2 */
/* */
/* output data (sent to printer port): */
/* flag - 1 => energize pin 2 */
/* */
/* functions called: none */

/*********************************************i*i*********i**tt************/

flip_dump(flag)
int flag;/*1 => energize pin 2*/

(

outp(ADDRESS2,flag);
)
/* function erbyte() */
/* */
/* function generates error data as ascii representation of hex byte */
/* */

/* In the initial implementation of the cycle program, the hardware is */
/* checked at the beginning of the run, but not thereafter. Operating */
/* experience during the second half of phase 2 will indicate what */
/* conditions, for example, "no flow into sample cell™, */
/* need to be monitored and trapped. These opersting conditions will set */
/* or clear flags. The flag conditions will be reported to the process */

/* control system as a byte. The byte is reported as an ascii */
/* representation of a hex byte where each bit is a condition flag. */
/* The future implementation of this function will collect the flags for */
/* a given pass and compose the error byte from them. The present */

/* implementation is a rough-in. It generates a fixed dummy byte that can */
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/* be used by other functions.

/* input data: none yet

/* output data (parameter):
/* er_byte - error byte

/* functions called: none

/*

/*tt****tt*****ﬁ'*i*ﬁt**t***t****t****i****i**ttt**t******t*****ﬁ****i*tii*/

erbyte(er_byte)
char er_byte[];/*error byte*/

(
char

c[3] = {"FF");/*dummy error byte*/

strcpy(er_byte,c);
return(1);

)

/* function write_log()

/t

/* function makes up composition message and sends it to output file

/*

/* input data:
/* obtained from operating system:

/*  time
/* date

/* passed in as parameters:
/* cell number

/* error byte

/* spectrum peak

/* number of components
/* component string array
/* composition vector

/* output data:
/* composition message - written to output file

/* functions called:
/* ftoa - converts float to ascii string

*/

/***t*******************************ﬁ*i*******t******i*i****t***iii*****t**/

write_log(fr,cell,er_flag,peak,n_comps,sarray,compvec)

FILE *fr;/*pointer to output file*/

int cell;/*sample cell number*/

char er_flagl[l;/*error byte*/

float peak;/*peak value of spectrum*/

int n_comps;/*number of components in this cell's mixture*/
char sarray[l [MAXCOMPS] [MAXSTR] ; /*component string array*/
float compvec[];/*composition vector*/

<

/*local declarations and initializations*/

char
char
char
char
char
char
char
char
char

date_buffer[9];/*date string*/

time_buffer([9);/*time string*/

scel L [17);/*cell number string*/

s_comps [17] ; /*composition count string*/

speak [30] ; /*spectrum peak string*/

sbuf [81]1;/*string transfer buffer*/

Lstring [MAXCOMPS] [MAXSTR] ; /*local component string buffer*/
cstring [MAXCOMPS] [81];/*composition string array*/
message[512]) ; /*message string*/

int i;/*loop counter*/




int b;/*number of characters transferred to file*/

/*function starts working here*/
_strdate(date_buffer);
_strtime(time_buffer);
itoa(cell,scell,10);
ftoa(peak, speak);
itoa(n_comps,s_comps, 10);
for(i=0; i<n_comps; i++)
<
strcpy(sbuf,(&sarray{cell] [0] [0]1) + (MAXSTR*i));
strepy((&1stringl0] [0]) + (MAXSTR*i),sbuf);
ftoa(compvec[il,sbuf);
strepy((&estring[01 [01) + (81*i),sbuf);
)
strcpy(message,date_buffer);
strcat(message," ");
strcat(message,time_buffer);
strcat(message," ");
strcat(message,scell);
strcat(message," ");
strcat(message,er_flag);
strcat(message," ");
strcat(message, speak);
strcat(message,™ ");
strcat(message,s_comps);
strcat(message," ");
for (i=0;i<n_comps;i++)
(
strcpy(sbuf, (&lstring[0) [0)) + (MAXSTR*i));
strcat(message,sbuf);
strcat(message," ");
strepy(sbuf, (&cstring[01 [01) + (81*i));
strcat(message, sbuf);
strcat(message," ");
)
strcat(message,"AR ");
printf("\nOutput string\n®);
printf(*\nXs\n", message);
b = fprintf(fr,"%s\n" message);

return(b);
)
/* function get_spectrum() */
r/* */
/* function collects a spectrum from the interferometer */
™ */

/* function sends the number of scans to the interferometer, starts the */
/* scanning operation, polls the interferometer until either the scanning */
/* is completed or the TIMEOUT constant (seconds) is exceeded, downloads */
/* the collected spectrum to memory, selects the desired spectrum points, */

/* drift normalizes the spectrum points if necessary, and returns the */
/* short spectrum vector to the calling function. */
r* */
/* NOTE: ACTUAL IMPLEMENTATION OF INTERFEROMETER FUNCTIONS AWAITS FURTHER */
/* TECHNICAL INFORMATION FROM PERKIN-ELMER. FOR THE MEAN TIME, DUMMY */
/* VERSIONS OF THE FUNCTIONS HAVE BEEN IMPLEMENTED. */
/* THIS ONE READS A SPECTRUM FROM A FILE TO PROVIDE DATA FOR TESTING */
/* THE COMPOSITION PREDICTION FUNCTION */
r* */
/* input data: */
/* parameters: */
/* cell - cell number */
/* cols - number of spectrum points to be returned */
/* spect - list of wave numbers for which intensities are sought */

346




/* scans - number of scans to be used in collection of spectrum */

/* normflag - >0.1 => normalize for height drift */
/* normfact - multiply each point by this factor if drift normalizing */
/* from interferometer via GPIB bus: */
/* long_spec - long version of spectrum */
/* */
/* output data: */
/* parameter: spectrum0 - short version of normalized spectrum vector */
/* call return: ¢ - TRUE => spectrum collected OK */
Vad */
/* functions called: none yet */
/* */

/***t******t***iQ*t******t**it**t*"***'k***'k******tﬁi******t*'k***ﬁ*****tt*‘tl

get_spectrum(cell,cols,spect,scans,normflag,normfact, spectrum0)

int cell;/*cell number*/

int cols;/*number of components in spectrum*/

int spect[] [MAXSPEC];/*wave numbers for which intensities are sought*/
int scans;/*number of scans in spectrum*/

float normflag;/* >0.1 => normalize for height drift*/

float normfact;/*normalizing factor*/

float spectrumO(];/*spectrum vector*/

{
int k;/*loop counter*/
int ¢ = TRUE;/*TRUE => file read ok*/
int d;/*count of correct readings*/
float cx;/*input buffer*/
FILE *fk,*fopen();/*file handling pointers*/
fk = fopen(“newspec.dat", r");
if (fk = NULL) /*if file opened */
<
for (k=0;((k<cols) && c);k++)
<
d = fscanf(fk,"%f",&cx); /*nead next number to buffer*/
if (d == 1) /*if it worked write to matrix */
spectrum0[k] = cx;
else
{
printf("\nError reading spectrum file\n");
¢ = FALSE;
)
)
fclose(fk);
>
else
C
printf("\nSpectrum file did not open\n");
¢ = FALSE;
b
return(c);
)
/*function composition() */
/* */
/* returns peak of spectrum and composition vector */
/* */
/* input data (passed in as parameters): */
/* beta - regression matrix */
/* nloadp - retention matrix */
/* np - retention count vector */
/* lambda - eigenvalues of 2 */

/* f - eigenspectra of 2 */




/* nc - number of training samples */

/* spectr - spectrum vector */
/* nprop - number of components */
/* nr - pumber of spectrum points */
/* cell - cell number */
/* expected - expected calibration value */
/* */
/* output data (passed out as parameters): */
/* compo - composition vector */
/* norm - normalizing factor */
/* peak - peak value of spectrum */
r* */
/* functions called: */
/* frmul2 - form loading matrix */
/* frmul3 - form correlated loading matrix from loading matrix */
/* estupl - estimate composition from correlated Loading matrix */
/* */

/**i'k*******t***ti*****t******tttt*i*****f***i*tt*********t***ii***'k**t**t/

composition(beta,nloadp,np, lambda, f,nc, spectr,nprop,nr,cell,compo, peak,
expected, normf)

float betal] [NCP1] [MAXCOMPS] ; /*regression matrix*/

int nloadp(l] [NCP1) [MAXCOMPS] ; /*retention matrix*/

int np[] [MAXCOMPS] ; /*retention count vector*/

float lambdal) [MAXTRAIN];/*eigenvalues of z*/

float f[] [MAXSPEC) {MAXTRAIN];/*eigenspectra of z*/

int nc;/*number of training samples*/

float spectr(];/*spectrum vector*/

int nprop;/*number of components*/

int nr;/*number of spectrum points*/

int cell;/*cell number*/

float expected;/*expected calibration value*/

float compoll;/*composition vector*/

float *normf;/*normalizing factor*s

float *peak;/*peak value of spectrum*/

{

/*local declarations and initializations*/

int i;/*loop counter*/

float ul2INCP1};/*loadings*/

float ul3INCP1] [MAXCOMPS];/*correlated loadings*/

/*function starts working here*/
*peak = spectr(0];
for (i=1;i<nr;i++)
if (spectrli]l > *peak)
*peak = spectr[i);
if (nprop == 1)
{
compo[0] = 100.0;
*normf = expected/(*peak);
)
else
<
frmul2(nr,nc,spectr,cell,f, lambda,ul2);
frmul3(cell,nprop,np,ul2,nloadp,ul3);
estup3(cell,nprop,np,ul3,beta, compo);
)

/* function pos_there */
/* */
/* initializes both positioners and makes sure they are both there */

/* input data: */




/* readflag - flag passed back by initialize() */

/* */
/* output data: */
/* gofrag - flag passsed back to calling function */
/* */
/* functions called: */
/* initialize() -~ initializes addressed positioner */
/* */
/****itit***t********t**t****t*it**ﬁ***********iiitiit***********t**t**ﬁ***/
pos_there(gofrag)
int *gofrag;/*TRUE => Both positioners initialized*/
L4

int readflag = TRUE;/* TRUE => positioner initialized */

int address;/*address of positioner*/

address = ADDRESSO;

initialize(address,&readflag);/*set up PC23*/

*gofrag = readflag;

if (treadflag)

printf("\nPositioner %x failed to initialize\n", address);

address = ADDRESS1;

initialize(address,&readflag);

*gofrag = *gofrag && readflag;

if (!readflag)

printf("\nPositioner %x failed to initialize\n",address);
)
/* function set_mode */
/* */
/* homes both positioners and sets to absolute positioning mode */
/* */
/* input data: */
/* readflag - flag passed back by set_one() */
/* */
/* output data: */
/* gofrag - flag passsed back to calling function */
/* */
/* functions called: */
/* set_one() - send messages to addressed positioner */
/* */

/********tt***tit******it*ﬁ****i********ti****i***i***i**t*t***t*tﬁ********/

set_mode(gofrag)
int *gofrag;/*TRUE => Both positioners went home*/

<
int readflag = TRUE;/* TRUE => positioner went home */
int address;/*address of positioner*/

address = ADDRESSO;
set_one(address,&readflag);/*set up PC23*/
*gofrag = readflag;
if (Vreadflag)
printf("\nPositioner %x failed to go home\n", address);
address = ADDRESS1;
set_one(address,&readflag);
*gofrag = *gofrag && readflag;
if (1readflag)
printf("\nPositioner Xx failed to go home\n", address);
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/* function gig1700() */
r* */
/* function to set up the interferometer */
/* */

/* function causes the control computer to essume control of the IEEE-488 */
/* bus, set up the interferometer, set it to ASCII mode, and query for an */

/* acknowledgment from the interferometer. */
/* */
/* NOTE: ACTUAL IMPLEMENTATION OF INTERFEROMETER FUNCTIONS AWAITS FURTHER */
/* TECHNICAL INFORMATION FROM PERKIN-ELMER. FOR THE MEAN TIME, DUMMY */
/* VERSIONS OF THE FUNCTIONS HAVE BEEN IMPLEMENTED. */
/* */
/* Input data: none */
I */
/* Output data: */
/* 2z - TRUE => interferometer responded as expected */
/* */
/* Functions called: none */
/i *

/*tit*t**tti*******t*t***t*ﬁ*********i**************t****t**i*************i/

gig1700()
(

return(TRUE);
}
/* function ungig1700() */
/* */
/* function to return interferometer to conventional mode */
/* */
/* function causes the control computer to relinquish control of the GPIB */
/* bus, set interferometer to binary mode, and return control to the */
/* interferometer controller keyboard. */
/* */
/* NOTE: ACTUAL IMPLEMENTATION OF INTERFEROMETER FUNCTIONS AWAITS FURTHER */
/* TECHNICAL INFORMATION FROM PERKIN-ELMER. FOR THE MEAN TIME, DUMMY */
/* VERSIONS OF THE FUNCTIONS HAVE BEEN IMPLEMENTED. */
/* */
/* Input data: none */
/* */
/* Output data: */
/* z - TRUE => interferometer responded as expected */
/* */
/* Functions called: none */
/* */
/it**********ti**************i***************i**************************t**l
ungig1700()
{

return(TRUE);
)
/* function move_stage() */
/* */
/* Executes absolute translation of stage in 3 dimensions */
/* */
/* Before this function is invoked, other functions have initialized the */
/* positioner and send commands setting the home position, velocity, */
/* and acceleration. The mode has been preset to absolute displacement */
/* with respect to home coordinates. */
/* */
/* The function reveives a copy of the cell number, the motor controller */
/* address, and a pointer to the to the array of coordinates, from the */
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/* calling function. It selects the three appropriate coordinates from the */
/* array, formulates the displacement strings, sends the strings to the */

/* positioner, and sends the "go" message to the positioner. */
* */
/* input data (parameters from calling function): */
/* jj - cell number */
/* addr - 1/0 address of motor controller */
/* coords - array of positioniing coordinates */
It */
/* output data {perameter to called function): */
/* s - string sent to positioner via writecmd() */
/* Note: actual output is new location of positioner */
/* */
/* functions called: */
/* writeemd() - sends string to positioner */
* */

/********i**********t************ttft********i*****t******ti**t****titt****tl

move_stage( ] j,addr,coords)

int jj;/*cell number*/

int addr;/*1/0 address of motor controller*/
long coords[] [3);/*list of coordinates*/

{
char s[81);/*string sent to controller*/
int i;/*loop counter*/
char s1[17];/*axis portion of string*/
char s2[2] = "D";/*command portion of string*/
char s3[17);/*actual displacement in motor steps*/
char s4[81);/*positioner response buffer*/
long temp; /*temporary coordinate placeholder*/
for (i=1;i<=3;i++) /*i is axis number */
{
temp = coords[jjll[i-1];
Ltoa(temp,s3,10);
itoa(i,s1,10);
strepy(s,st);
strecat(s,s2);
strcat(s,s3);
strcat(s," ");
printf("\nString Xs sent to positioner\n",s);
writecmd(addr,s); /*send displacement to positioner*/
>
strcpy(s,"6123 ");
printf("\nString %s sent to positioner\n",s);
writecmd(addr,s); /*make the stage go*/
writecmd(addr,” 1PR ");
readanswer(addr,sé);
printf("\nAxis 1 is at %s\n",s4);
writecmd(addr," 2PR ");
readanswer(addr,sé);
printf("\nAxis 2 is at Xs\n",sé4);
writecmd(addr,”" 3PR ¥);
readanswer(addr,s4);
printf("\nAxis 3 is at Xs\n",s4);
)
/* function read_a_Line() */
r* */
/* polls key buffer to see if Ctrl-x has been hit */
/* function return a TRUE if Ctrl-x is hit */
I* */

/* input data: */




/* go_flag - string furnished by user */

I* */
/* output data (returned as parameters): */
/* quitfrag - TRUE => return to DOS */
™ */
/* functions called: none */

/"t***&*“************iﬁ******************t***iiitﬁt****t**ﬁ**i************/

read a_line(quitfrag)
int *quitfrag;/*TRUE => return to DOS*/

<

/*tocal declarations*/

char go_flag;/*first letter of message*/

/*function starts here*/

printf("\n");

printf("Hit Ctrl-X to Quit: v);

*quitfrag = FALSE;

if ( kbhit() )

(4

go_flag = getche();
if (go_flag == ('X'-0X40))
*quitfrag = TRUE;
else
*quitfrag = FALSE;

)

fflush(stdin);
>
/* function do_files() */
/* */
/* function initializes data arrays from external files */
/* */
/* Input data (parameter arrays received from lLower level functions): */
/* f1 = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* al = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* f = eigen spectra matrix */
/* nc = number of training spectra */
/* lambda = eigenvalue vectors */
/* np = L2 retention count */
/* nloadp = load retention matrix */
/* beta = regression factors */
’* */
/* Output data (parameter arrays sent to calling function): */
/* f1 = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* al = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cetl */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* f = eigen spectra matrix */

/* nc = number of training spectra */




o

/* lambda = eigenvalue vectors */
/* np = L2 retention count */
/* nloadp = load retention matrix */
/* beta = regression factors */
/* */
/* Functions called: */
/* cellfunc() - brings in data from cell files */
/* feedback1() - prints cell file data to screen */
/* matfunc() - brings in data from matrix files */
/* feedback2() - prints matrix file data to screen */
/* */

/i***tt***tit*t*t*iti**i*it*iii*i*itt**********l't'i**i*i*ii'*****i**tttiti/

do_files(f1,a0,al,9,string_array,scans,scount,norm,spect, f,nc, Lambda,np,
nloadp,beta)

int f1[);/*TRUE => cell is active*/

long a0(] [3];/*excite positioner coordinate vectors*/

long a1l {3);/*receive positioner coordinate vectors*/

int gl1;/*number of components in this cell's mixture*/

char string_array{] [MAXCOMPS] [MAXSTR] ; /*composition strings*/

int scans[];/*number of scans used for current cell*/

int scount[];/*number of points in spectrum of current cell*/

float norm(];/*normalization indicator for current cell*/

int spect[] [MAXSPEC) ;/*spectrum wave numbers for current cell*/

float f([) [MAXSPEC] [MAXTRAIN];/*eigen spectra matrix*/

int ncl);/*number of training spectra*/

float lambda[] [MAXTRAIN];/*eigenvalue vectors*/

int npl] [MAXCOMPS];/*L2 retention count*/

int nloadp{] [NCP1] [MAXCOMPS]; /*load retention matrix*/

float betal) [NCP1] [MAXCOMPS];/*regression factors*/

[

int a;/*TRUE => cell files ok*/

int b;/*TRUE => matrix files ok*/

int ¢;/*TRUE => data moved ok from files to arrays*/

a = cellfunc(f1,a0,a1,g,string_array,scans,scount,norm,spect);

feedback1(f1,a0,a1,9,string_array, a, scans, scount,norm,spect);

if (a)

(

b = matfunc(f,f1,g,scount,nc, lambda,np,nloadp,beta);
feedback2(f,nc, lambda,np,nloadp,beta);

)

c =a & b;

return(c);
)
/* Second Level - Functions First Called by First Level Functions */
/* function frmul2 */
/* */
/* Function forms the loading from the spectrum of the unknown */
/* sample. This is the first of three steps in deducing the */
/* composition of the sample from its spectrum. */
/* */

/* Loading is calculated by matrix multiplication of the transpose */
/* of the eigenspectra matrix by the spectrum vector. This result */
/* then post multiplies the inverted eigenvalue matrix. Since the */
/* eigenvalue matrix is diagonal, its inverse is a diagonal matrix */

/* of the reciprocals of the original diagonal elements. */
/* */
/* Input data (parameters): */
/* nr - points in spectrum; also rows in f */
/* nc - number of training samples; also columns in f */
/* h - cell number */
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/* spectrum - spectrum to be analyzed, has nr elements */
/* f - eigenspectra array; eigenvectors of product moment matrix */

/* lambda - eigenvalues of product momemt matrix */
’* */
/* Output data (parameter): */
/* ul2 - loading of spectrum of unknown sample, has nc+1 elements */
/* */
/* Functions called: none */
/* *

/*************ﬁﬁ*itt****t*fi***i*****i*****t**ﬁ*ii*I**i***l***********/

frmul2¢nr,nc,spectrum, h,f, lambda,ul2)

int nr;/*points in spectrum; also rows in f*/

int nc;/*number of training samples; also columns in f*/

int h;/*cell number*/

float spectrum(];/*spectrum to be analyzed, has nr elements*/
float f[] [MAXSPEC] [MAXTRAIN];/*eigenspectra array*/

float lambdal[] [MAXTRAIN];/*eigenvalues of product momemt matrix*/
float ul2[];/*loading of unknown spectrum, has nc+1 elements*/

4
/*local declarations and initializations*/
int j;/*points to a position in the ul2 vector*/
int k;/*points to elements to be multiplied*/
int ccep;/*limiting length of load vector*/
/*function starts doing work here*/
ccep = ne+l;
ul2{0] = 1.0;/*augment the loading*/
for (j=1;j<cccp; j++)/*step thru elements of ul2*/
(
ul2(jl = 0.0;/*initialize jth element*/
for (k=0;k<nr;k++)/*dot product of jth column of f and spectrum*/
ul2fjl = ul2fj] + (fIhILKILj-1) * spectrum[kl);
ul2lj} = ul2(jl/lambdathl [j-1];
)
)
/* function frmul3 */
I* */
/* Function selects loadings from ul2 which correlate with properties*/
/* of the training samples and moves them to ul3. */
/* This is the second of three steps in deducing the */
/* composition of the sample from its spectrum. */
/* */

/* For each component the correlations are different. Thus for each */
/* component, different loadings must be retained. Hence, whereas ul2*/
/* is a vector or row matrix, ul3 is a two dimensional matrix, where */

/* each row corresponds to a component */
/* */
/* Input data (parameters): */
/* h - cell number */
/* nprop - number of different components in the mixture */
/* np - retention count vector */
/* nloadp - matrix of specific retentions */
/* ul2 - loading of spectrum of unknown sample, has nc+1 elements */
’* */
/* Output data (parameter): */
/* ul3p - correlated loading matrix */
/* */
/* Functions called: none */
/* */

/*****it************iti*****t***************ti*it*****ttt***t*********/

frmul3¢h, nprop, np,ul2,nloadp, ul3p)




int h;/*cell number*/

float ul2[);/*loading of unknown spectrum, has nc+1 elements*/
int nprop;/*number of different components in the mixture*/
int npl] [MAXCOMPS];/*retention count vector*/

int nloadp([] [NCP1] [MAXCOMPS]; /*matrix of specific retentions*/
float ul3pl] [MAXCOMPS];/*correlated loading matrix*/

¢
/*local declarations and initializations*/
int iprop;/*points to current property*/
int j;/*points at position in np vector*/
int jj;/*points at desired position in ul2 vector*/
/*function starts doing work here*/
for (iprop=0;iprop<nprop;iprop++)
for (j=0; j<nplh] {ipropl; j++)
{
Jj = nloadp[h) [j1 [iprop] - 1;
ul3pljlliprop} = ul2ljjl;
)
3
/* function estup3 */
r* */
/* Function calculates concentrations of components of unknown */
/* mixture by multiplying loading matrix by regression matrix. */
/* This is the third of three steps in deducing the */
/* composition of the sample from its spectrum. */
r* */
/* Input data (parameters): */
/* h - cell number */
/* nprop - number of different components in the mixture */ :
/* np - retention count vector */
/* ul3p - correlated Loading matrix */
/* b3prop - regression matrix */
/* */
/* Output data (parameter): */
/* upest - composition vector for spectrum of unknown sample */
r* */
/* Functions called: none */
/* */

/********t*ti***#***ti********************tt***i********************i*l

estup3(h,nprop,np,ul3p,b3prop,upest)

int h;/*cell number*/

int nprop;/*number of different components in the mixture*/
int np[] [MAXCOMPS]; /*retention count vector*/

float ul3p[] [MAXCOMPS];/*correlated loading matrix*/

float b3propl] [NCP1] [MAXCOMPS) ; /*regression matrix*/

float upest[];/*composition vector*/

{
/*local declarations and initializations*/
int iprop;/*points to current property*/
int j;/*points at positions to be multiplied*/

/*function starts doing work here*/
for (iprop=0;iprop<nprop;iprop++)
L4
upest [ipropl = 0.0;
for (j=0; j<nplh] [iprop]; j++)
upest [iprop] = upestliprop] + ul3p[j] [iprop)*b3proplh] {j] [iprop];
)




/*function ftoa() */

/* */
/* converts floating point number to E format string */
/* */
/* input data (parameter): */
/* x - floating point number */
I* */
/* output data (peramater): */
/* s - string version of floating point number */
/* */
/* functions called: (none) */
/* */

/***********l'****ii*******’f*fﬁi****it"*****ﬁittt**ittiﬁﬁiﬁ*i”*fi**“**/

ftoa(x,s)
float x;/*floating point number to be converted*/
char s[];/*string to be returned*/

<

double y;/*type change place holder*/

int dec;/*decimal point in conversion*/

int sign;/*sign of floating point value*/

int precision=10;/*number of digits to be converted*/

char *speak;/*pointer to converted string*/

char s1[151;/*temporary string holder*/

char sdec(17);/*string version of sign*/

int i;/*loop counter*/

int j;/*string pointer*/

y = (double) x;

speak = ecvt(y,precision,&dec,&sign);

itoa(dec,sdec,10);

if (sign == 0)

strepy(s, +0.");

else

strepy(s,"-0.%);

j=0;

while (*speak != '\0')

s1[j++] = *speak++;

s1l)]1 = "\0';

strcat(s,s1);

strcat(s,"E");

strcat(s,sdec);

return(1);
)
/* function matfunc() */
/* */
/* function initializes data arrays from matrix files */
™ */
/* Input data (data in ascii files matrix0.dat through matrix5.dat): */
/* f = eigen spectra matrix */
/* nc = number of training spectra */
/* lambda = eigenvalue vectors */
/* np = L2 retention count */
/* nloadp = load retention matrix */
/* beta = regression factors */
/* */
/* Output data (parameter array sent to calling function): */
/* f = eigen spectra matrix */
/* nc = number of training spectra */

/* lambda = eigenvalue vectors */




/* np = L2 retention count */

/* nloadp = load retention matrix */
/* beta = regression factors */
/* */
/* Functions called: none */
/* */

/'k********ii*****i’****ﬁﬁ****i‘t************'ﬁ********i*t***i*i***i***ti*'h***l

mat func(f,active, comps,spects,nc, Lambda, np,nloadp,beta)
int activel);/*TRUE => cell active*/

int comps[];/*number of components in cell*/

int spects{);/*number of points in cell spectrum*/
float f[] [MAXSPEC] [MAXTRAIN];/*eigen spectra matrix*/
int ncl);/*number of training spectra*/

float lambda[] [MAXTRAIN];/*eigenvalue vectors*/

int npl[] [MAXCOMPS];/*L2 retention count*/

int nloadpl] [NCP1) [MAXCOMPS]; /*load retention matrix*/
float beta[] [NCP1) [MAXCOMPS];/*regression factors*/

€
/*local declarations and initializations*/

static char mat_List[5)[13) = (

"matrix0.dat",

"matrix1.dat",

"matrix2.dat",

“matrix3.dat",

"matrix4.dat"

);/*files containing matrix data*/

char matt[13];/*current matrix file*/
int i,j,k;/*loop counters*/
int h;/*cell number*/
int ¢ = TRUE;/*TRUE => matrix data obtained from files*/
int d;/*conversion counter*/
float cx;/*input buffer*/
int anc;/*input buffer*/
FILE *fr,*fopen();/*fite handling pointers*/

/*function starts working here*/
/*initialize matrix space to all zeros*/

for (i=0;i<5;i++)
ncli)l = 0;
for (i=0;i<5;i++)
for (j=0; j<MAXSPEC; j++)
for (k=0;k<MAXTRAIN;k++)
fLil[jltk) = 0.0;
for (i=0;i<5;i++)
for (j=0; j<MAXTRAIN; j++)
lambdali) [j] = 0.0;
for (i=0;i<5;i++)
for (j=0;j<MAXCOMPS; j++)
nplil[jl = 0;
for (i=0;i<5;i++)
for (j=0; j<NCP1;j++)
for (k=0;k<MAXCOMPS;k++)
nloadp(il (jI (k] = 0;
for (i=0;i<5;i++)
for (j=0; j<NCP1; j++)
for (k=0;k<MAXCOMPS;k++)
betalil[jlLk]l = 0.0;

for (h=0;((h<5) && c);h++) /*h is cell number*/
if Cactivelh] && (comps(h] != 1)) /*bypass inactive cells*/
4
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strcpy(matt, (&mat_List[0] [01) + (13*h));

fr
if
{

= fopen(matt,"r");
(fr 1= NULL) /*if file opened */

d = fscanf(fr,"Xd", &anc);

if (d == 1)
nclh] = anc;
else
¢ = FALSE;
if (c)

for (j=0;((j<spects[hl) && c¢);j++)
for (k=0;(({k<nclhl) && c);k++)
¢
d = fscanf(fr,"%f", &cx); /*nead next number to buffer*/
if (d == 1) /*if it worked write to matrix */
frhILjl Lkl = cx;

else

(
printf("\Error reading cell Xd matrix file\n",h);
¢ = FALSE;
)

)

if (c)
for (k=0;((k<nc[h]) && c);k++)
(

d = fscanf(fr,"4f",&cx); /*nead next number to buffer*/
if (d ==1) /*if it worked write to matrix */
Lambda [h] [K) = cx;
else
L4
printf("\Error reading cell Xd matrix file\n", h);
¢ = FALSE;
)
)
if (c)
for (k=0;((k<comps[h]) && c);k++)
{
d = fscanf(fr,"%d",&anc); /*nead next number to buffer*/
if (d == 1) /*if it worked write to matrix */
nplh]l [k} = anc;
else
(
printf("\Error reading cell %d matrix file\n", h);
¢ = FALSE;
)
)
if (c)
for (j=0;((j<(nclhl+1)) 8& c); j++)
for (k=0;((k<comps[h]l) && c);k++)
<
d = fscanf(fr,"%d",&anc); /*nead next number to buffer*/
if (d == 1) /*if it worked write to matrix */
nloadpth] [j1[k]l = anc;
else
<
printf("\Error reading cell X%d matrix file\n", h);
¢ = FALSE;
)
)
if (c)
for (j=0;((j<(nclhl+1)) && c); j++)
for (k=0; ((k<comps[hl) && c);k++)
(
d = fscanf(fr, "Xf" &cx); /*nead next number to buffer*/
if (d == 1) /*if it worked write to matrix */
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betalh]l [jl[k] = cx;

else
{
printf("\Error reading cell %d matrix file\n",h);
¢ = FALSE;
)

)

fclose(fr);
)
else

printf(*\nMatrix file for cell Xd did not open\n®, h);

¢ = FALSE;
b
)
return(c);

b

/* function cellfunc() *y
" */
/* function initializes data arrays from cell files */
* */
/* Input data (data in ascii files cella0.dat through cella5.dat): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* al = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
r* */
/* Output data (parameter arrays sent to calling function): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* a1 = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
I* */
/* Functions called: none */
/* */

/******************************************i**************************'k***/

cellfunc(f,a0,al,g,string_array, scans, scount,norm, spect)

int f(1;/*TRUE => cell is active*/

long a0[] [3];/*excite positioner coordinate vectors*/

long a1{]1(3};/*receive positioner coordinate vectors*/

int gi);/*number of components in this cell's mixture*/

char string_array[] [MAXCOMPS] [MAXSTR] ; /*composition strings*/
int scans(]);/*number of scans used for current cell*/

int scount[);/*number of points in spectrum of current cell*/
float norm{);/*normalization indicator for current cell*/

int spect[] IMAXSPEC];/*spectrum wave numbers for current cell*/

{
/*local declarations and initializations*/
char *c;/*string input checker*/
char s[MAXSTR];/*string input buffer*/
char check [MAXSTR]; /*checkout string buffer*/
int cellok = TRUE;/*TRUE => cell files opened and had good data*/
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int i;/*loop counter*/
int d;/*conversion counter*/
int max;/*place holder*/
int j;/*current cell number*/
static char file_list{51[13) = {
“cellal.dat",
Wcellal.dat"®,
“cella2.dat",
“cella3.dat",
“cellah.dat®
); /*files containing cell data*/
char cell[13]1;/*name of current cell file*/
FILE *fp,*fopen();/*file handling pointers*/

/*the function starts doing work here*/

for (J=0;((j<5) && cellok); j++)

/*open the jth file in turn*/
/*copy its data to the jth position in each array*
/*close each file before opening the next*/
/*loop does not procede beyond first bad cell*/

L4

strepy(cell, (&fitle_List[0)[01) + (13%*)));
fp = fopen(cell,"r");
if (fp 1= NULL) /*if file opened*/
<
d = fscanf(fp,"%d",&f[j1);
if (d == 1) /*if first character was successfully read*/
<

if (F[j) == 1) /*if jth cell is active*/
{

d = fscanf(fp, "¥ldxldXld%ld%ldXldxdXfXd",&a0(j][0]1,&a0(j][1]1,
&a0([j) {2],&a1(j1[0),&a1(j1[1],8a1Lj1[2],&scans[j],&norm(j],&scount(j1);
if (d == 9) /*if next 9 data points were successfully read*/
<
for (i=0;i<3;i++)
printf("\na0[Xd] [%d]=%ld al[Xd) [%d]=%ld\n",
j,i,a00j11i1,),1,a1(j1Li));
printf(“\nNumber of scans is %d\n",scans[jl);
printf("\nNormalizing marker is Xf\n",norm[jl);
printf("\nNumber of spectrum points is Xd\n",scount[jl1);
if (scount([j] > MAXSPEC)
L4
max = MAXSPEC;
printf("\nSpectrum points for cell %d > %d\n", j,max);
cellok = FALSE;
)
else
for (i=0;((i<scount[j1) && cellok);i++)
(
d = fscanf(fp,"%d", &spect[j](il);
if (dt=1)
{
cellok = FALSE;
printf("\nSpectrum not right for cell %d\n",j);
)
)
if (cellok)
for (i=0;i<scount(j];i++)
printf(*\nCell Xd spectrum point %d is X%d\n",j,i,spect(jl[il);
if (cellok)
L4
d = fscanf(fp,"%d",&gljl);
ifd!'i=1)
4
printf("\nComponent count not correctly read\n");
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cellok = FALSE;
b
>
else
printf("\nNo attempt to read component count\n");
if (cellok)
L4
printf("\nNumber of strings is Xd\n",g[j]);
if (9ljl > MAXCOMPS) /*if there are more than MAXCOMPS components*/
<
cellok = FALSE;
max = MAXCOMPS;
printf({"\nNumber of components in cell Xd > Xd\n", j,max);
)
)
if (cellok)
(
fgets(s,MAXSTR-1,fp); /*read rest of Line and ignore*/
for (i=0;((i<glj)) && cellok);i++)
L4
¢ = fgets(s,MAXSTR-1,fp); /*read next composition line*/
if ((c == NULL) }] (strlen(s) == 0))
4
cellok = FALSE;
printf("\nString not right in cell %d\n",j);
)
else

printf("\nString number %d is Xs\n",i,s);
strepy((&string_array(j1 (0] (03) + (MAXSTR*i),s);
)
b
>
if (cellok)
for (i=0;i<g[jl;i++)
{
strepy(check, (&string_array[j] [01[0]) + (MAXSTR*i));
printf("\nstring i=%d j=Xd is %s \n",i,j,check);
M)

else
{
printf("\nfscanf cell %d did not make 9 conversions\n",j);
cellok = FALSE;
}
>
else
printf("\ncell %d not active\n",j);
b
else

printf("\nfscanf did not make first conversion in cell %d \n",j);
cellok = FALSE;
)
fclose(fp); /*done with jth file -- close it*/
)
else

printf("\nfile Xs failed to open\n",cell);
cellok = FALSE;
>
>
if (cellok)
printf("\ninput of data from cell files to arrays went well\n");
else
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printf("\nIinput of data from cell files to arrays went badly\n");
return(cellok);

)

/* function feedback1() */
A */
/* function displays data arrays from cell files */
™ */
/* Input data (passed in as parameters): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* al = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* */
/* Output data (displayed to screen): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* &l = receiving positioner coordinate vectors */
/* g = number of components in this cell‘s mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* */
/* Functions called: none */
/* */

/*********i*i***************'ﬁ***************t*i*i*******i***ii*t********'k*/

feedback1(f,a0,a1,g,string_array,a,scans, scount,norm, spect)
int f[1;/*TRUE => cell is active*/

long a0[]) [3];/*excite positioner coordinate vectors*/

long a1[)[3];/*receive positioner coordinate vectors*/

int gll;/*number of components in this cell's mixture*/

char string_array[] [MAXCOMPS] [MAXSTR] ; /*composition strings*/
int a;/*TRUE => input data ok*/

int scans[);/*number of scans used for current cell*/

int scount[);/*number of points in spectrum of current cell*/
float norm(];/*normalization indicator for current cell*/

int spect[] [MAXSPEC];/*spectrum wave numbers for current cell*/

(
int i,j;/*loop counters*/
char check [MAXSTR] ; /*check string*/

if Ca)
{
for (j=0;j<5;j++)
4
printf("\nCell %d : In use flag = %d \n",j,f[]j1);
if (f[j) == 1)
{
for (i=0;i<3;i++)
printf("\nal [Xd] [Xd]1=Xld al[Xd] [Xd]l=%ld\n",
j.1,a00j10i1,j,1,a1(J1i));
printf(*\nNumber of scans = Xd\n",scans(jl);
printf(*\nNormalization indicator is Xf\n",norm[j));
printf(*\n %d points used in spectrum\n",scount(jl);
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for (i=0;i<scount[j);i++)
printf("\nSpectrum point %d is Xd\n",i,spect[jl[il);
printf(“\nNumber of strings is Xd\n",g[jl);
for (i=0;i<g[jl;i++)
<
strepy(check, (&string_array[j] (0] [01) + (MAXSTR*i));
printf(*\nstring i=Xd j=Xd is Xs \n",i,j,check);

b
)
b
printf("\nlnput of data from cell files to arrays went well\n");
b
else

printf(*\ninput of data from cell files to arrays went badly\n");

)
/* function feedback2() */
r/* */
/* function displays data arrays from matrix files */
/* */
/* Input data (passed in as parameters): */
/* f = eigen spectra matrix */
/* nc = number of training spectra */
/* lambda = eigenvalue vectors */
/* np = L2 retention count */
/* nloadp = load retention matrix */
/* beta = regression factors */
I* */
/* Output data (displayed to screen): */
/* f = eigen spectra matrix */
/* nc = number of training spectra */
/* \ambda = eigenvalue vectors */
/* np = L2 retention count */
/* nloadp = toad retention matrix */
/* beta = regression factors */
/* */
/* Functions called: none */
/ﬁ */

/*******i*********i*************i*i********i**t*ﬁ**ﬁti***ﬁ********i*i*****/

feedback2(f,nc, lambda,np,nloadp, beta)

float f([] [MAXSPEC] [MAXTRAIN];/*eigen spectra matrix*/
int nc[];/*number of training spectra*/

float lambda[] [MAXTRAIN];/*eigenvalue vectors*/

int npl] [MAXCOMPS];/*L2 retention count*/

int nloadp(] INCP1] [MAXCOMPS] ;/*load retention matrix*/
float betal] {NCP1] [MAXCOMPS] ; /*regression factors*/

{
int i,j,k;/*loop counters*/

for (i=0;i<5;i++)
L4
printf("\nCell Xd\n",i);

printf("\nNumber of training spectra is %Xd\n",nc[il);

printf(“\nEigenspectra matrix\n");
for (j=0; j<MAXSPEC; j++)
{
printf("\nRow Xd\n", j);
for (k=0;k<MAXTRAIN;k++)
printf(*"\nf [Xd] [Xd] [Xd] = %f\n",i,j,k,f[i1(jIIk]);
M)




printf("\neigenvalue vector\n");
for (j=0; j<MAXTRAIN; j++)
printf("\nlambda(Xd] [Xd] = %f\n",i,j, lambdali) (j]);

printf("\nnp vector\n");
for (j=0; j<MAXCOMPS; j++)
printf("\nnp[Xd] [Xd] = Xd\n",i,j,rplil[j});

printf("\nnloadp matrix\n");
for (j=0;j<NCP1;j++)
{
printf("\nRow Xd\n",j);
for (k=0;k<MAXCOMPS;k++)
printf("\nnloadp[Xd] [Xd) (%d] = Xd\n",i,j,k,nloadpl[il [jl[k]);
)

printf("\nBeta matrix\n");
for (j=0; j<NCP1;j++)
C
printf("\nRow %d\n",j);
for (k=0;k<MAXCOMPS;k++)
printf(*\nbeta[%d] [Xd) [Xd] = Xf\n",i,],k,betalil[jI(k]);

b
)

)

/* function set_one() */
I */
/* function sends strings to the selected positioner to */
/* activate the home limit switches */
* move all three axes home */
/* set default velocities and accelerations */
r* set to absolute mode */
/* */
/* input data: */
/* address - furnished by calling function */
/* */
/* output data: */
/* gofrag - passed to calling function */
/* */
/* functions called: */
/* writecmd() - send a string to the positioner */
/* */

/**i*****i********t*'*******i****************'k****tt***********iit******t***/

set_one(address,gofrag)
int address;/*1/0 address of PC23 board*/
int *gofrag;/*TRUE => all 3 axes found home*/

{
int i;/*loop counter*/
static char message[18] [8] /*messages to positioner*/
={
YILDO ", /*activate axis 1 {imit switches*/
u2LD0 ", /*activate axis 2 limit switches*/
“3LDO ", /*activate axis 3 limit switches*/
"1GH+5 ¥, /*move axis 1 to home position*/
“2GH+5 ", /*move axis 2 to home position*/
"3GH+5 ", /*move axis 3 to home position*/
HIRC ", /*did axis 1 go home? */
“2RC ", /*did axis 2 go home? */
u3RC ", /*did axis 3 go home? */
“1A10 ", /*set axis 1 acceleration to 10 rev/sec/sec */
"2A10 ", /*set axis 2 acceleration to 10 rev/sec/sec */
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w3A10 ", /*set axis 3 acceleration to 10 rev/sec/sec */
"iVi0 ¥, /*set axis 1 velocity to 10 rev/sec */
n2v10 », /*set axis 2 velocity to 10 rev/sec */
"Iy10 ", /*set axis 3 velocity to 10 rev/sec */
"IMPA ", /*set axis 1 to absolute mode */
W2MPA ", /*set axis 2 to absolute mode */
WIMPA " /*set axis 3 to absolute mode */

b H
char s[81];/*status message from positioner*/
char motormove(8];/*string sent to positioner*/
int homeflag = TRUE;/*TRUE => axis went home */

*gofrag = TRUE;
for (i=0;i<18;i++)
L4
strcpy(motormove, (&message [0] {0] )+(8*i));
printf("\n*);
printf("String %s sent to positioner\n",motormove);
writecmd(address,motormove);
if ((i>5) && (i<9))
{
readanswer(address,s);
printf("\nPositioner response is Xs\n",s);
if ((sf2] == '*') && (s(3] == 'a'))
printf("\nPositioner went home\n");
else
{
printf("\nPositioner did not go home\n");
*gofrag = FALSE;

)
b
)
)
/* function initialize() */
/* */
/* Function to reset the PC23 board */

/* This function assures that the board is ready to accept commands from */
/* program. The PC23 must have its address set for the first value in the */

/* user data file, or the program will exit. (ie goflag will clear) */
/* */
/* input data: */
/* adr - 1/0 address of port */
I* */
/* output data: */
/* gofrag - TRUE => port set up ok */
I* */
/* functions called: none */
/* */

/tttt**t*iti*****i*ti*t*t*t******ﬁi****tt*ﬁ**t*t************titi*i*t*ttt***i/

initialize(adr,gofrag)

int adr; /*address of PC23 board*/

int *gofrag;/*TRUE => board set up 0K */

(
/* local declarations and initializations*/
int i=0;/*loop counter*/

/*function starts here*/

/* Page 30 step 1 */

/* STOP mask forces bits 2, 5 and 6 high*/

/* bit 2 times out and stops the watchdog timer */
/* bit 5 restarts the watchdog timer */

/* bit 6 resets the interrupt latch */




outp(adr+1,STOP); /* stop whatever the port is doing */

/* Page 30 step 2 */
/* wait for bit 5 to go high indicates port fail*/
while (1 ((inp(adr+1)) & FAIL))

’

/* Page 30 step 3 ¥/

/* START mask forces bit 6 high */

/* this resets the interrupt latch */
outp(adr+1,START);

/* Page 30 step & */

/* CB mask forces bits 5 and 6 high */

/* this resets interrupt latch and watchdog timer */
outp(adr+1,CB);

/* Page 30 step 5 */

/* START_M mask is all bits high but 7 */

/* RESTART mask is bits 0, 1, 2 and &4 high */

/* indicates motors not running and input data buffer ready */
/* loop causes the system to wait for this pattern */

/* to appear, but it gives up after 32000 iterations */

while (((inp(adr+1) & START_M) != RESTART) && (i++ 1= MAXINT))

’

if (i >= MAXINT) /* PC23 timed out */

{
printf("Initialization of PC23 timed out\n");
*gofrag = FALSE;/* will force main() to quit */
)
else
*gofrag = TRUE; /*all is well - PC23 did initialize*/
/* Page 30 step 6 */
/* INTCLR mask is but 5 high */
/* restarts watchdog timer */
outp(adr+1, INTCLR);
/* Page 30 step 7 */
/* CB mask forces bits 5 and 6 high */
/* this resets interrupt latch and watchdog timer */
outp(adr+1,CB);
)
)
/* writecmd() */
* */
/* function writes a command string to the PC23 port */
/* program writes command to port by sending one character at a time */
/* */
/* input data: */
/* adr - address of port */
/* msg - command message */
/* */
/* output data: */
/* s - individual message characters sent to port */
/* */
/* functions called: */
/* writech() - send one character to port */
/* *

/*****t***t*******i********************ﬁ**ii*****t**tt*********************/

writecmd(adr,msg)




int adr;/*address of PC23 board*/
char msg[};/*command string*/

{

/*this loop starts by pointing at the initial character in */

/*the array. it writes the character to the address then advances*/

/*the string pointer. when the thing pointed at by the string */

/*pointer is 0, as at the end of string marker, the loop quits */

while (*msg) /*while thing pointed at is not zero, keep going*/

writech(adr,*msg++); /*write character being pointed at*/

>
/* function readanswer() */
A */
/* function reads status request response string from PC23 */
/* */
/* input data: */
/* addr - address supplied by calling function */
/* msg - string received from PC23 port */
’* */
/* output data: */
/* wmsg - string passed back to calling function */
/* */
/* functions called: */
/* readch - reads one character from port */
/* */

/ti*****i**************ﬁ***********ti**i**********ii********tti************/

readanswer(adr,msg)
int adr;/* address of PC23 port */
char msgl);/* holder for string */

{

/*go get a character from the port*/

/*write it to the address pointed at by msg*/

/*advance pointer to next address*/

/*keep going until you get end of line marker*/

while ((*msg++ = readch(adr)) != RETURN)

*msg = '\0';/*end of string*/
)
/* Third Level - Functions First Called by Second Level Functions */
/* function writech() */
/* */
/* Function writes a single character to the PC23 port */
I* */
/* Input data: */
/* addr - address of PC23 port */
/* alpha - character passed in from calling function */
/* */
/* Output data: */
/* alpha - character written to port */
/* */
/* Functions called: None */
r* */

/********i**********************t*tt**ti***t*****i*******ttt**************tl

writech(addr,alpha) ‘
int addr;/*address of PC23 port*/ |
char alpha;/*character being sent*/

/* Page 30 step 1 - ASCII character passed as parameter */ |

{




/* Page 30 step 2 */

/*wait until bit 4 becomes 1*/

/* wait for input data buffer to become ready to receive data*/
while(!(inp(addr+1) & IDB_M))

’

/* Pege 30 step 3 */
outp(addr,alpha);/*send character*/

/* Page 30 step &4 */

/*raise bits 4 5 6 */

/* bit & transmit character from buffer to system*/
/* bit 5 reset watchdog timer */

/* bit 6 reset interrupt latch */
outp(addr+1,1DB);/*send command byte*/

/* Page 30 step 5 */
/*wait for input data buffer to clear*/
while(inp(addr+1) & IDB_M)

1
/* Page 30 step 6 */
/*reset watchdog timer*/
/*reset interrupt latch*/
outp(addr+1,C8B);

/* This step not described on page 30 */
/*wait for input data buffer to become ready to receive data*/
while(!(inp(addr+1) & IDB_M))

>

/*function readch() */
/* */
/* Function reads one character of a PC23 response to a status request */
/* returns character response. . */
/* */
/* Input data: */
/* addr - address provided by calling function */
/* alpha - character provided by PC23 */
/* */
/* Output data: */
/* alpha - character returned to calling function */
I */
/* Functions called: None */
r* */
/*********i*******l‘***************t*************tt********i**********i*****/
readch(addr)

int addr;/*address of PC23 port*/

4

/* Page 30 step 1 */
char alpha=0;/*character to be fetched from PC23 and returned*/

/* Page 30 step 2 */

/*wait for a 1 at bit 3 */

/*wait until output data buffer is ready*/
while(!(inp(addr+1) & ODB))

/* Page 30 step 3 %/
alpha = inp(addr);/*fetch a character from output data buffer*/

/* Page 30 step 4 */
/* bit 7 1 got it */
/* bit 6 reset interrupt latch */




/* bit 5 reset watchdog timer */
outp(addr+1,ACK); /*acknowledge receipt of character*/

/* Page 30 step 5 */
/*wait until output data buffer is not ready */
while(inp(addr+1) & ODB)

/* Page 30 step 6 */

/*reset interrupt latch and watchdog timer*/
outp(addr+1,CB);

return(alpha);
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program chemo
$NOTRUNCATE

UT Measurement and Control Engineering Center June 13,1990
M. J. Roberts and S. W. Kercel
chemo. for

Program querys cell description, spectrum description, and spectrum
vector files; generates chemometric calibration data; writes
calibration data to a file.

Intended Use:

The control program for the on-line Raman analyzer requires a
calibration file for every active cell with two or more components
in its mixture. Each calibration file is generated by a run of
this program.

Origins:

The chemometrics training and verification algorithms were first
implemented in Fortran in the Maclntosh environment by M. J. Roberts.
The external matrix manipulation subroutines, rs, which finds the
eigenvalues and eigenvectors for a real symmetric matrix of general
size, and matinv, which inverts a matrix of general size, are
implementations of commercial subroutines. The original program

was modified to run under Microsoft Fortran in the IBM-PC environment
and further modified to interface with the on-line Raman analyzer
control system by S. W. Kercel.

WARNINGS:
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¢ This program will overwrite the existing calibration file for
c the cell named in the spectrum description file. Don't run it
¢ unless you mean to run it, and don't run it until after you've
¢ backed up any existing calibration files (matrix0.dat through
¢ matrixé.dat).

c
c
c
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c
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c
c
c
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c

This program uses adjustable array bounds. They are TRICKY.

I1f you want to modify this program, be aware that a multidimensional
array declared one size in the main program, and a smaller size in

a subroutine will use the same memory space, but will organize it
differently. For example, D(2,2) in the main program points to a
different place (and holds a different value) than D(2,2) in a
subroutine. Be forewarned.

This program is compiled using Version 4.1 of the Microsoft Fortran
Optimizing Compiler. It requires the large memory model. The object
code must be linked with rs.obj and matinv.obj to resolve external
references. Attempting to compile this source code with any compiler
other than the Microsoft Fortran Optimizing Compiler Version 4.1 or
higher, will lead to unpredictable results.

The spectrum description file, cell description files, spectrum
vector files, the calibration matrix files, and the three executable
program codes, spectrum.exe (which generates the spectrum vector
files), chemo.exe (which uses the spectrum vectors to generate the
calibration matrix fite), and cyclel.exe (which uses the calibration
matrix file and the current spectrum to generate the current
composition) are all assumed to reside in the same subdirectory.

As originally written, the fixed array bounds in the main program
are consistent with the declared constants used in the spectrum and
cycle programs. That is:

MAXSPEC 25 - maximum number of spectrum points per spectrum
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MAXCOMPS 4 - maximum number of components in a cell

MAXSTR 30 - maximum length of a string describing a component
MAXSFILES 30 - maximum sum of count of training and verification

spectrum files for a given cell

I1f these constants are changed in the other two programs, then the
array sizes in the opening declarations and the range checks in

the getvars subroutine need to be changed accordingly. Since Fortran
does not support declared constants in the same manner as C, it is
the responsibility of the programmer to find all the places that need
to be changed. Sorry about that.

Even with the small limits listed above, the executable code is big.
1f you increase the array sizes significantly, for example, using
hundreds of spectral points as CIRCOM does, you will probably need to
resort to heroic measures such as overlays, or running with megabytes
of memory under 0S/2.

Input data:
files:
spec0.dat - spectrum description file -- contains cell number
count of spectra, and for each spectrum,
the filename, training/verification flag,
and the composition vector
cellax.dat - x corresponds to cell number - cell description file
contains much useful data, the parts relevant to this
program are the active flag, the count of spectrum
points, the count of components in the mixture, and
the composition strings
xxxxxx.dat - spectrum data files -- files listed in spec0.dat
contain list of floating point numbers that are the
spectral intensities as a function of wave number
for the spectra

Output data:
file:
matrixy.dat - y corresponds to cell number. File contains the data
required by the control system to deduce the
composition of an unknown mixture, given its spectrum.

Theoretical Basis:

This program takes the spectra from a set of 'training' runs covering a
range of properties (in our case chemical concentrations) of the chemical
constituents and finds a model to estimate the properties of

an unknown sample from its spectrum. The technique is that presented in

the paper, 'Materials Characterization Using Factor Analysis of FT-IR
Spectra. Part 2: Mathematical and Statistical Considerations" by
Fredericks, Lee, Osborn and Swinkels, Applied Spectroscopy, Volume 39,
Number 2, 1985, page 311. Where possible | have retained Fredericks!'
nomenclature for variables names. The "spectra" used here are not full spectra
for the complete wavenumber range of the instrument but only certain regions
at which the "action" seems to be happening.

The principal variables used in the analysis are:

nprop The number of “properties" for which to find models (<=4).
A property, in our case, is a chemical concentration.

pname A vector of names of the properties for later reference in the
report of results. It has nprop elements.

nc The number of different concentration combinations (mixtures) used
in the training set (<=20).

prop A matrix containing the "property" information. Each row of
prop contains the numerical values for a single property. Its
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size is nprop rows by nc columns.

nr The number of wavenumbers used from each spectrum of
Raman responses for training (<=25).

D A matrix of data representing the spectra for the set of
chemical concentrations used in training. Each column
of the matrix is a spectrum for a particular mixture.
Its size is nr rows by nc columns.

z The “product-moment* or "dispersion® matrix of Fredericks,
et. al. It is the product of D transpose with D and is
therefore square. Its size is nc rows by nc colums.

lambda A vector of the eigenvalues of Z with nc elements.
L A matrix whose columns are the eigenvectors of 2. It is

the "loading" matrix of Fredericks, et. al. It is
square. Its size is nc rows by nc columns.

F A matrix whose columns are the abstract "factors" or
eigenspectra" of D. It is the same size as D.

L2 The augmented loading matrix. Augmented by addition of
a column of 1's to allow for a constant offset in the
multiple linear regression (MLR) model. Its size is nc
rows by (nc+1) columns.

re

ie

xe

IND Four vectors containing the "empirical error" data
described in the paper "Determination of the Number
of Factors and the Experimental Error in a Data
Matrix" by Edmund R. Malinowski, Analytical Chemistry,
Vol. 49, Number 4, April 1977, page 612. These are used
to reduce the number of loadings used. Each vector has
nc elements but only the first (nc-1) are significant.

nf The number of loading matrix columns of matrix L retained
after the empirical tests. (The number of colums retained
in the augmented loading matrix L2 is (nf+1).)

B2prop A matrix of the coefficients in the regression models used
to predict properties. Each column contains the set of
coefficients for one property. Its size is nc rows by nprop
columns.

B2punc A matrix of the uncertainties of the coefficients in the
models. Each column contains the uncertainties in the
coefficients for one property. Its size is nc rows by nprop
columns.

pest A matrix containing the estimates of the properties. Each
column contains the estimates of a single property corresponding
to one of the mixtures. Its size is nc rows by nprop columns.

Meanp A vector of the mean values of the properties. It has nprop
elements.

varp A vector of the variances of the values of the properties.
It has nprop elements.

MeanL A vector of mean values of the colums of L. It has nc elements.
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VarlL

rhopl

rhothr

uprop

&

uL2

upest

np

L3

B3prop

B3punc

nloadp

uL3p

32

A vector of variances of the columns of L. It has nc elements.

A matrix of correlation coefficients between properties

and the columns of L. Each column contains the correlation
coefficients between a property and the columns of L. Its
size is nc rows by nprop columns.

A vector of "threshold" correlation coefficients, one for
each property. Factor loadings for which the correlation
coefficient exceeds this threshold are retained; the others
are droppe. This vector has nprop elements.

The number of different concentration combinations in the set
of unknown samples.

A matrix containing the numerical properties of the unknowns.
Each row of uprop contains the numerical data representing
one property. Its size is nprop rows by nc columns.

The “D" matrix of spectra of the "“unknown" solutions. Its
size is nr rows by unc columns.

The loading matrix for the unknowns, unc by nc+1.

A matrix containing the estimates of the unknown properties. Each
column contains the estimates of a single property corresponding
to one of the mixtures. Its size is unc rows by nprop columns.

A vector of integers. Each element is the number of columns of
the augmented loading matrix, L2, which are kept after examining
the correlation between as property and the loading matrix columns.
It has nprop elements.

The modified, augmented loading matrix. It is modified by
retaining only those loading factors with significant correlations
to a property. Thus the factors retained in any particular
analysis depend on the property in question. The matrix is
declared nc by (nc+1) by nprop but the number of columns in each
rank used in the MLR process will be np which varies from
property to property and is less than or equal to (nf+1).

A reduced matrix of the coefficients in the regression models used
to predict properties. Each column contains the set of
coefficients for one property. Its size is nc rows by nprop
columns but only the first np rows in each column are signficant.

A reduced matrix of the uncertainties of the coefficients in the
models. Each column contains the uncertainties in the
coefficients for one property. Its size is nc rows by nprop
columns but only the first np rows in each column are significant.

A matrix of integers. Each column contains the subscripts
designating the loading columns of L2 which are retained

for a property to form L3. Its size is (nc+1) rows by nprop
columns but only the first np (for a particular property)
elements in a particular column are significant.

This is a three-dimensional matrix. Each rank corresponds to
a property. Within each rank each column contains the loadings
for a factor and each row corresponds to one of the unknown
mixtures. Its size is unc rows by (nc+1) columns by nprop
ranks.




c ierr
c matz are used by the subroutine "rs" and their use
c is explained there

integer n,nm,ierr,matz, rows,cell

integer nprop,nc,nr,unc,ncpl,nf,nfpl,np(4)
integer nloadp(21,4)

real*4 prop(20,4),pest(20,4)

real*s uprop(20,4),upest(20,4)

real*8 Meanp(4),varp(4)

real*8 MeanlL(20),VarlL(20)

real*8 rhopl(20,4),rhothr(4)

real*8 2(20,20), Lambda(20),L(20,20),fv1(20),fv2(20)
real*8 D(25,20),uD(25,20),F(25,20)

real*8 L2(20,21),uL2(3,21),L3(20,21,4)
real*8 uL3p(20,21,4)

real*8 B2prop(21,4),82punc(21,4)

real*8 B3prop(21,4),B3punc(21,4)

real*8 LTL(20,20),re(20),ie(20),xe(20), IND(20)
real*8 sprop(4)

character*30 pname(4)

character*13 filen

character*1 diag

character*13 tfiles(20),vfiles(20)

reat*4 dprop(4)

logical goflag

c

¢ Prompt the user to decide on diagnostics display.

c
write(*,100)

100 format(' Do you want full diagnostics? (Y/N)')"
read(*,101) diag

01 format(al)

1

c

¢ Get the training training properties and the corresponding

c 'D' matrix from disk. Its size is nr rows by nc columns. Each column
¢ is a vector of Raman scattering responses at wavelengths chosen for

¢ analysis and for a particular combination of properties.

¢ There are therefore nc different combinations of properties used

¢ in the training set.

¢ Get the unknown properties and the corresponding 'uD' matrix from disk.
c Its size is nr rows by unc columns. Each column is a vector of Raman
¢ scattering responses at wavelengths chosen for analysis and for a

¢ particular combination of properties. There are therefore unc

¢ different combinations of properties used in the unknown set.

c

call getvars(goflag,nr,nprop,nc,unc,cell)
if (.not. goflag) stop
call getarrs(nprop,nc,nr,unc,pname,prop,uprop, tfiles,vfiles,
1dprop,D,u)
if ((diag.eq.'Y').or.(diag.eq.'y')) then
write(*,2002)
2002 format(' For the training set')
call reptD(nprop,nr,nc,pname,prop,D)
write(*,2004)
2004 format(' For the unknown set')
call reptD(nprop,nr,unc,pname,uprop,ud)
endi f
c
¢ Form the product-moment matrix, 2. It is real, symmetric and nc by nc.
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call formz(nr,nc,D,2)
if ((diag.eq.'Y').or.(diag.eq.'y!)) then
write(*,1002)
1002 format(' The Z matrix is')
call repmd(nc,nc,2)
endif
nm=nc
n=nc
matz=1
c
¢ The usage of nm, n, and matz is described in the comments on the subroutine
c 'rs'. Subroutine rs calculates the eigenvalues and eigenvectors of matrix, Z.
c
write(*,1003)
1003 format(' Finding eigenvalues and eigenvectors of 2...'/)
catl rs(nm,n,Z, lambda,matz, L, fvl, fv2,ierr)

c
c Arrange the eigenvalues (and corresponding eigenvectors) in descending
c order.
c
call descnd(nc,lambda,L)
if ((diag.eq.'Y').or.(diag.eq.'y"')) then
write(*,1004)
1004 format(' The eigenvalues are')
call repvd(nc, lambda)
write(*,1005)
1005 format(' The eigenvectors are')
call repmd(nc,nc,L)
call chkev(nr,nc,L,Z,lambda,D,LTL)
endi f
c
¢ Form the abstract factor or 'eigenspectrum' matrix, F.
c
call formF¢(nr,nc,D,L,F)
if ((diag.eq.'Y').or.(diag.eq.'y')) then
write(*,1006)
1006 format(* The F matrix (up to 1st 40 rows) is')
rows=nr
if (rows.gt.40) rows=40
call repmd(rows,nc,F)
endif
c
¢ Do some empirical tests on the data to possibly eliminate the noisy
c eigenvalues and eigenspectra from the model. These tests are described
¢ in the paper, 'Determination of the Number of Factors and the Experimental
¢ Error in a Data Matrix' by Edmund R. Malinowski, Analytical Chemistry,
c Volume 49, Number 4, April 1977. 'nf' is the number of eigenvalues
c chosen to be retained in estimating properties after the tests are made.
c

call tests(nr,nc,lambda,re,ie,xe,IND,nf)
if ((diag.eq.'Y').or.(diag.eq.'y"')) then
call reptst(nc,nf,re,ie, xe,IND)

endif
c
c Form the augmented matrix, L2.
c
ncpl=nc+1
call formL2(nc,ncpi,L,L2)
if ((diag.eq.'Y').or.(diag.eq.'y"')) then
write(*,1007)
1007 format(' The L2 matrix is')

call repmd(nc,ncpl,L2)
endif




c Form the matrix of 'betas' which are the coefficients of the
¢ loading factors in the MLR model and display the estimates
¢ of the properties versus the actual properties.
c
call MLR2(nprop,nc,ncpl,nf,pname,prop,L2,B2prop
1 ,B2punc,pest,sprop)
c
¢ Form the loading matrix for the unknowns.
c
call frmuL2(nr,unc,nc,ncpl,ud,F, lambda,ul2)
if ((diag.eq.'Y').or.(diag.eq.'y')) then
write(*,1008)
1008 format(' The uL2 matrix is')
call repmd(unc,ncpt,ul2)
endi f
write(*,30)
30 format(' Estimating unknown properties...'/)
call estup2(nprop,unc,ncpl,nf,pname,uprop,B2prop,uL2, upest)
c
¢ Find the means and variances of the properties.
c |
call propst(nprop,nc,prop,Meanp, Varp)
do 99999 iprop=1,nprop
if ((diag.eq.'Y').or.(diag.eq.'y')) then
write(*,1009) pname(iprop),Meanp(iprop)
1 ,phame(iprop),Varp(iprop)
1009 format(' Mean of ',a,' is',0PF8.3,', Variance of !
1 ,a,'is ', OPF8.3)
endif
99999  continue
c
¢ Find the means and variances of the columns of the loading matrix, L.
c
call Lstat(nc,nf,L, MeanL,VarlL)
if ((diag.eq.'Y!).or.(diag.eq.'y')) then
write(*,1012)
1012 format(' The means of the columns of the L matrix are')
call repvd(nc,MeanL)
write(*,1013)
1013 format(' The variances of the columns of the L matrix are')
call repvd(nc,varL)
endif
c
¢ Calculate and display the correlation of the properties
¢ with the loading factors for the number of factors
¢ retained (so far), nf.
c

write(*,640)
format(' Correlating properties with loadings...!/)
call corr(nprop,nc,nf,pname,prop,Meanp,Varp,L,MeanL
1 ,vark,rhopl)
do 99998 iprop=1,nprop
rhothr(iprop)=0.1
99998 continue
if ((diag .eq. 'Y') .or. (diag .eq. 'y')) then
write(*,1014) nf
1014 format(' Correlation coef. matrix'/
1 ' (Only the first ',i2,' rows are significant)')
call repmd(nc,nprop,rhopl)
endif
call MLR3(nprop,nc,ncpt,nf,pname,prop,L2, rhopl, rhothr
1 ,B3prop,B3punc,pest,np,nloadp,L3,sprop)

o~
o

c
c Form the new loading matrices for the unknowns.
c
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call frmuL3(nprop,unc,ncpl,np,ul2,nloadp,ut3p)
if ((diag.eq.'Y').or.(diag.eq.'y!)) then

write(*,1017)
1017 format(' The ulL3 matrix is')
c call repmd3(unc,ncpl,ul3p)
endif
write(*,33)
33 format(' Estimating properties of the unknowns...'/)

call estup3(nprop,unc,ncpl,np,pname,uprop,B3prop

1 ,ul3p,upest)
call writemat(cell,nprop,nr,ncpl,nc,f, lambda,np,nloadp,B3prop)
stop
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The validity of the eigenvalues is checked in two ways. First by
forming the sum of the squares of all the data points in D and the sum
of all the eigenvalues. They should be equal. Second by forming two
vectors; the product of Z with an eigenvector and the product of the
eigenvalue corresponding to that eigenvector with that eigenvector.

The resultant vectors should be the same. This second procedure is done
for all eigenvalues and eigenvectors.

This subroutine is for diagnosis only and would not normally be in
the final version.
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subroutine chkev(nr,nc,L,Z,lambda,D,LTL)
integer nr,nc
real*8 L(nc,nc),LTL(nc,nc),2(nc,nc), tambda(nc)
real*8 D(nr,nc),vecl,vec2
do 99997 i=1,nc
do 99998 j=1,nc
LTL(i, j)=0
do 99999 k=1,nc
LTLCT, j)=LTLGE, J)+LCk, i)*LCk, )
99999 continue
99998 continue
99997 continue
write(*,5)
5 format(' L transpose L:')
do 99996 i=1,nc
write(*,10) (LTL(i,]),j=1,nc)
10 format(16(0PF6.2))
99996 continue
pause 'Hit return to continue’
sumdsq=0
do 99994 i=1,nr
do 99995 j=1,nc
sumDsq=sumDsq+D (i, j)**2
99995 continue
99994 continue
sumlam=0
do 99993 i=1,nc
suml am=suml am+ lambda(i)
99993  continue
write(*,15) sumDsq,sumlam
15 format(' The sum of the squares of the data points in D is '
1 ,1pe15.7/' The sum of the eigenvalues is ',1pe15.7)
c do (i=1,nc)
c write(*,20) i
c20 format(' For eigenvalue #',i2,', Z*l and lambda*l are:')
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¢ do (j=1,nc)

c vec1=0

c do (k=1,nc)

c vecl=vect+2(j, k)*L(k,1)

c continue

c vec2=lambda(i)*L(j,i)

c write(*,30) veci,vec2

c30 format(1pe23.15, 1pe23.15)
¢ continue

¢ pause 'Hit return to continue'

¢ continue
return
end
c
¢ Subroutine correlate finds the correlation coefficients between
¢ each property and the loadings in the columns of 'L'.
c

subroutine corr(nprop,nc,nf,pname,prop,Meanp

1 ,Varp,L,MeanL,Varl,rhopl)
integer nprop,nc,nf
real*4 prop(nc,nprop)
real*8 Meanp(nprop),MeanL(nc),Varp(nprop),VarL(nc)
real*8 L{nc,nc),sumplL,Covpl, rhopt (nc,nprop)
character*30 pname(nprop)

Cov(X,y)=E(xy)-E(X)E(Y)
Correlation coefficient, rho = Cov(x,y)/Sqrt(Var(x)*var(y))

o000

do 99997 iprop=1,nprop
do 99998 j=1,nf
sumplL=0
do 99999 i=1,nc
sumplL=sumpL+L(i, j Y*prop(i, iprop)
99999 continue
CovpL=sumplL/nc-Meanp( iprop)*MeanL( j)
rhopL(j,iprop)=CovpL/dsqrt(Varp(iprop)*VarL(j))
c write(*,10) j,rhoplL(j,iprop)
c10 format(' Factor #',i2,', Corr. Coef. = ',0pf12.7)
99998 continue
99997 continue
return
end

Subroutine descend rearranges the eigenvalues and corresponding
eigenvectors in descending order of eigenvalue. This is not a

bubble sort but a deterministic re-ordering because the eigenvalues

as reported by 'rs' are in ascending order. Therefore this subroutine
simply reverses the order.

0O0000 000

subroutine descnd(nc, lambda,l)
integer nc
real*8 lambda(nc),L(nc,nc), temp
write(*,1)
1 format(' Arranging eigenvalues in descending order...'/
1 ,' (Also rearranging eigenvectors to correspond)'/)
nce=nc/2
do 99998 j=1,nc2
jisnc-j+1
temp=lambda(j)
Lambda( j)=lambda(jj)
lambda( j j)=temp
do 99999 i=1,nc




temp=L(i,j)
LCi, =L, in
L(i, jjr=temp
99999 continue
99998 continue
return
end

Subroutine estup2 estimates the value of a property using the model
already established and the loadings just computer for the unknown
spectra.

(2 20 s 2 o 2 ¢ N + ]

subroutine estup2(nprop,unc,ncpl,nf,pname,uprop,B2prop
1 ,ul2,upest)
integer nprop,unc,nf,nfpi,ncpl
real*4 uprop(unc,nprop),upest(unc,nprop)
real*8 B2prop(ncpl,nprop),ul2(unc,ncpt)
character*30 pname({nprop)
nfplznf+1
do 99997 iprop=1,nprop
write(*,10) pname(iprop)
10 format(1x,a)
do 99998 i=1,unc
upest(i, iprop)=0
do 99999 j=1,nfp1
upest(i,iprop)=upest(i,iprop)+ut2(i,j)*
1 B2prop(j, iprop)
99999 continue
percerr=upest(i, iprop)-uprop(i,iprop)
write(*,20) upest(i,iprop),uprop(i,iprop),percerr
20 format({' €st. of unk. property is',OPF8.3,!
1 , Actual unk. property is',OPF8.3,', Error is *',0PF8.3)
99998 continue
pause 'Hit return to continue!
99997 continue
return
end

Subroutine estup3 estimates the value of a property using the model
already established and the loadings just computer for the unknown
spectra.

OO0 000

subroutine estup3(nprop,unc,ncpl,np,pname,uprop
1 ,B3prop,uL3p,upest)
integer nprop,unc,ncpl,np(nprop)
real*4 uprop({unc,nprop),upest(unc, nprop)
real*8 B3prop(ncpl,nprop),uL3plunc,ncpl,nprop)
character*30 pname(nprop)
do 99997 iprop=1,nprop
write(*,10) pname(iprop)
10 format(1x,2a)
do 99998 i=1,unc
upest(i, iprop)=0
do 99999 j=1,np(iprop)
upest(i, iprop)=upest(i,iprop)
1 +ul3p(i, j, iprop)*B3prop(}j, iprop)
99999 continue
percerr=upest(i,iprop)-uprop(i,iprop)
write(*,20) upest(i,iprop),uprop(i,iprop),percerr

20 format(* Est. of unk. property is',0PF8.3,!®
1 , Actual unk. property is',OPF8.3,'
2 , Error is *',0PF8.3)

99998 continue




pause 'Hit return to continue!'
99997 continue
return
end

Subroutine formBZ is a generic subroutine to form the matrix, B2prop,
of coefficients in the MLR model to predict any property.
Also the uncertainties of the coefficients, B2punc, are calculated.

00000

subroutine formB2({nprop,nc,ncpl,nfpl, L2,L27i2], pname
1 ,prop,B2prop,B2punc, pest,sprop)
integer nprop,nc,ncpl,nfpl
real*4 prop(nc,nprop),pest(nc,nprop)
real*8 L2(nc,ncp1),L2TL21(21,21),L2Tp(21,4)
real*8 B2prop(ncpl,nprop),B2punc{ncpl,nprop),sprop(nprop)
character*30 pname(nprop)
do 99992 iprop=1,nprop
write(*,10) pname(iprop)
10 format(a)
do 99998 i=1,nfpl
L2Tp(i, iprop)=0
do 99999 j=1,nc
L2Tp(i,iprop)=L2Tp(i,iprop)+L2(j,i)*prop(j, iprop)
99999 continue
99998 continue
do 99996 i=1,nfpl
B2prop(i,iprop)=0
do 99997 j=1,nfp1l
B2prop(i, iprop)=B2prop(i,iprop)+

1 L2TL2I¢i, j)*L2Tp(},iprop)
c write(*,11) iprop,i,j,B2prop(i,iprop)
c 1 LL2TL21(i,),L2Tp(j, iprop)
cll format(' iprop=',i3,' i=',i3,' j=,i3,' B2prop='
c 1 ,1pe11.3, v L2TL21=",1pel1.3," L2Tp="',1pel1.3)
99997 continue
99996 continue

rss=0

do 99994 i=1,nc
pest(i,iprop)=0
do 99995 j=1,nfp1
pest(i,iprop)=pest(i,iprop)+L2(i, j)*B2prop(j,iprop)
99995 continue
rss=rss+(pest(i, iprop)-prop(i,iprop))**2
percerr=pest(i,iprop)-prop(i,iprop)
write(*,20) pest(i,iprop),prop(i,iprop),percerr

20 format(' Est. of property is',OPF8.3,*
1 , Actual property is',0PF8.3,', Error is !,0PF8.3)
99994 continue

estvar=rss/(nc-nfpi-1)
sprop(iprop)=sqrt(estvar)
write(*,30) sprop(iprop)
30 format(' The estimate of the std. dev. of the !
1 ,'input data noise is !,1pel5.7)
c pause 'Hit return to continue'
write(*,40)
40 format(' The coefficients and their uncertainties are:')
do 99993 i=1,nfp1
B2punc(i, iprop)=sprop(iprop)*sqrt(L2TL2I(i,i))
percerr=B2punc(i, iprop)*100/82prop(i, iprop)
write(*,50) i,B2prop(i,iprop),B2punc(i,iprop),percerr
50 format(' Coef #!',i2,' = ',0PF8.3,’, with unc. of !
1 ,OPF8.3," or ',0PF8.3,' %')
99993 continue
pause 'Hit return to continue'




99992 continue
return
end

c
¢ Subroutine formB3 is a generic subroutine to form the matrix, B3prop,
¢ of coefficients in the MLR model to predict any property.
¢ Also the uncertainties of the coefficients, B3punc, are calculated.
c
subroutine formB3(col,nprop,nc,ncpl,np,L3,L3TL31
1 ,pname,prop,B3prop,B3punc,pest, sprop)
integer nprop,nc,ncpl,np{nprop),col
real*4 prop(nc,nprop),pest(nc,nprop)
real*8 sprop(nprop)
real*8 L3(nc,ncpl,nprop),L3TL31(21,21),L3Tp(21)
real*8 B3prop(ncp1,nprop),B3punc(ncpt, nprop)
character*30 pname{nprop)
write(*,1) pname(col)
1 format(a)
do 99998 i=1,np(col)
L3Tp¢i)=0
do 99999 j=1,nc
L3Tp(i)=L3Tp(i)+L3(j,i,col)*prop(j,col)
99999 continue
99998 continue
do 99996 i=1,np(col)
B3prop(i,col)=0
do 99997 j=1,np(col)
83prop(i,col)=B3prop(i,col )+L3TLII(i, j)*L3Tp(j)
99997 continue
99996 continue
rss=0
do 99994 i=1,nc
pest(i,col)=0
do 99995 j=1,np(col)
pest(i,col)=pest(i,col)+L3(i,j,col)*B3prop(j,col)
99995 continue
rss=rss+(pest(i,col)-prop(i,col))**2
percerr=pest(i,col)-prop(i,col)
write(*,20) pest(i,col),prop(i,col),percerr
20 format(' Est. of property is',0PF8.3,"
1 , Actual property is',OpPF8.3,', Error is ',0PF8.3)
99994  continue
estvar=rss/(nc-np(col)-1)
sprop(col)=sqrt(estvar)
write(*,30) sprop(col)
30 format(' The estimate of the std. dev. of the '
1 ,'input data noise is ',1pel5.7)
c pause 'Hit return to continue!
write(*,40)
40 format(' The coefficients and their uncertainties are:')
do 99993 i=1,np(col)
B3punc(i,col)=sprop(col )*dsqrt(L3TL3I(i,i))
percerr=B3punc(i,col )*100/83prop(i,col)
write(*,50) i,B3prop(i,col),B3punc(i,col),percerr
50 format(' Coef #',i2,' = *,1pel5.7,', with unc. of !
1 ,1pe15.7,' or ',1pel15.7,' X')
99993  continue
return
end

c

c Subroutine formF forms the matrix, F, of abstract factors or

¢ 'eigenspectra'. It is the product of D with L and is therefore

c nr by nc. Each column of F is an eigenspectrum, the most significant
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c being in the first column, the next most significant in the second
¢ column, etc...

c
subroutine formf(nr,nc,D,L,F)
integer nr,nc
real*8 D(nr,nc),L{nc,nc),F(nr,nc)
write(*,1)
1 format(' Forming F matrix of eigenspectra...'/)

do 99997 i=1,nr
do 99998 j=1,nc
F(i, j)=0
do 99999 k=1,nc
FCi,j)=F(i, j)»D(i,K)*L(k, )
99999 continue
99998 continue
99997 continue
return
end

¢ Augment the matrix, L, to matrix, L2 by adding a column of
¢ one's as the first column and shifting all other columns to
¢ the right. This allows for a constant offset in the multiple
c linear regression model.
c
subroutine formL2(nc,ncpl,L,L2)
integer nc,ncp1
real*8 L(nc,nc),L2(nc,ncpl)
write(*,1)
1 format(' Forming augmented loading matrix...'/)
do 99998 i=1,nc
Le¢i,H=1
do 99999 j=2,ncpl
Lz(ilj)=L(ilj'1)
99999 continue
99998 continue
return
end
c
c
¢ Subroutine formZ forms the product-moment or dispersion matrix, Z.
c It is the product of D transpose with D and is therefore nc by nc.
c
subroutine form2{nr,nc,D,2)
integer nr,nc
real*8 D(nr,nc),2(nc,nc)
write(*,1)
1 format(' Forming product-moment or Z matrix...'/)
do 99997 i=1,nc
do 99998 j=1,nc
2(i,j)=0
do 99999 k=1,nr
2(i,j)=2(i,j)+D(k,i)*D(k, )
99999 continue
99998 continue
99997 continue
return
end
c
¢ Subroutine frmuL2 forms the loading matrix for the unknowns
¢ by using the information in the eigenspectra, F, and the
c spectra of the unknowns, Ww.
c
subroutine frmuL2(nr,unc,nc,ncpl,wd,F,lambda,uL2)
integer nr,unc,nc,ncpl
real*8 w(nr,unc),F(nr,nc), lambda(ne),ulL2¢unc,ncpl)
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write(*,1)
1 format(' Forming loading vectors for unknowns...'/)
ncpl=nc+1
do 99997 i=1,unc
uL2(i, 1)=1
do 99998 j=2,ncpl
uL2(i, j)=0
do 99999 k=1,nr
ul2(i, j)=ul2(i, j)+F(k, j-1)*uw(k, i)
99999 continue
ul2¢i, jy=ul2(i, j)/lambda(j-1)
99998 continue
¢ write(*,10) (uL2(i,j),j=1,ncp)
c10 format(50(1pe11.3))
99997 continue
return
end

Subroutine frmul3 forms the loading matrix for the unknowns
by using the information in the eigenspectra, F, and the
spectra of the unknowns, uD.

(eI s B e I e B 2 1

subroutine frmul3(nprop,unc,ncpi,np,uL2,nloadp,ul3p)
integer nprop,unc,ncpl,np(nprop),nloadp(ncpl, nprop)
real*8 ul2(unc,ncpl),ul3p(unc,ncpl, nprop)

write(*,1)

format(' Forming new loading vectors for unknowns...'/)

Stack the retained loading factors in the first np columns of uL3.

000 =

do 99997 iprop=1,nprop
do 99998 j=1,np(iprop)
jj=nloadp(]j,iprop)
do 99999 i=1,unc
ul3p(i, j,iprop)=uL2(i,jj)
99999 continue
99998 continue
99997 continue
return
end

subroutine getarrs

this subroutine reads the spectrum description file and the cell
description file, loads data from the files to various arrays,
finds the spectrum files and loads the D and uD arrays;

closes both description files, opens and closes all spectrum files

Input data:
files:
spec0.dat - spectrum description file -- contains cell number
count of spectra, and for each spectrum,
the filename, training/verification flag,
and the composition vector
cellax.dat - x corresponds to cell number - cell description file
contains much useful data, the parts relevant to this
program are the active flag, the count of spectrum
points, the count of components in the mixture, and
the composition strings
xxxxxx.dat - spectrum data files -- files listed in spec0.dat
contain list of floating point numbers that are the
spectral intensities as a function of wave number
for the spectra
parameters passed in from caller:
nr - number of rows in D spectrum -- number of points per spectrum

OO0 O0000O000000O000000000
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¢ nprop - number of components in the mixture in the cell

¢ nc - number of columns in D spectrum -- number of training samples
¢ unc - nr of columns in u spectrum -- nr of verification samples

c

c Output data (parameters passed back to caller):

¢ goflag - .true. => all required data successfully read from files

¢ pname() - vector of strings of property names

prop() - matrix of properties (compositions) for training spectra

c each row is the property vector for a given sample;

c each component of the property vector is a composition for
c the component in the corresponding position in pname()

c matrix has nprop columns and nc rows

¢ uprop() - matrix of properties (compositions) for verification

c spectra, each row is the property vector for a sample

c each component of the property vector is a composition for
c the component in the corresponding position in pname()
c
3
c
c
c
c
c

[4]

matrix has nprop columns and unc rows
D - training spectrum matrix, each column is a8 List of intensities
there are nr rows and nc columns
uD - verification spectrum matrix, each column is a list of
intensities; there are nr rows and unc columns

Subprograms cal led: None
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCCeCeeeeceeeeeececeeeeeceececeecceceeeceeeceee

subroutine getarrs(nprop,nc,nr,unc,pname,prop,uprop,tfiles,
1vfiles,dprop,D,ud)

integer nprop,nc,nr,unc

character*30 pname(nprop)

real*4 prop(nc,nprop),uprop{unc,nprop)

character*13 tfiles(nc),vfiles({unc)

real*4 dprop(nprop)

real*8 D(nr,nc),ud(nr,unc)

integer nspecs, tvf,tcount,vcount

character*13 adummy

c
¢ read the mixture component names from the cell description file
c
do 99999 i=1,nprop
99999 read(2,200) pname(i)
200 format(a)
close(2)
201 format(i3)
202 format(f6.3)

c
¢ from the spectrum description file, for each spectrum, read the
c spectrum data filename, and the composition vector
c put in the training array or the verification array as flagged
c

nspecs = Nc + unc

tcount = 0

vcount = 0

do 99998 i=1,nspecs
read(1,200) adummy
read(1,201) tvf
do 99991 j=1,nprop
99991 read(1,202) dprop(j)
if (tvf .eq. 1) then
tcount = tcount + 1
tfiles(tcount) = adummy
do 99997 k=1,nprop
99997 prop(tcount,k) = dprop(k)
else
veount = vcount + 1




vfiles(vcount) = adummy
do 99996 k=1,nprop
99996 uprop(vcount k) = dprop(k)
endif
99998 continue
close(1)

go through the list of training spectrum files. each becomes a column
in the D array. Left to right sequence of columns in the D array
matches top to bottom sequence of compositions in prop array

NODOOOO

03 format(g16.0)
do 99990 i=1,nc
adummy = tfiles(i)
open(1, file=zadummy)
do 99989 j=1,nr
read(1,203) D(j,i)
99989 continue
close(1)
99990 continue
c
¢ go through the list of verification spectrum files. each becomes a column
¢ in the w array. Left to right sequence of columns in the uD array
c matches top to bottom sequence of compositions in uprop array
c
do 99988 i=1,unc
adummy = vfiles(i)
open(1, file=adummy)
do 99987 j=1,nr
99987 read(1,203) uw(j,i)
close(1)
99988 continue

return
end

¢ subroutine getvars

c

¢ this subroutine reads the spectrum description file and the cell

¢ description file, loads array dimension data to key variables,

¢ opens both description files

c

¢ Input data:

¢ files:

spec0.dat - spectrum description file -- contains cell number
count of spectra, and for each spectrum,
the filename, training/verification flag,
and the composition vector

cellax.dat - x corresponds to cell number - cell description file
contains much useful data, the parts relevant to this
program are the active flag, the count of spectrum
points, the count of components in the mixture, and
the composition strings

4]

Output data:
parameters passed back to caller:
goflag - .true. => all required data successfully read from files
nr - number of rows in D spectrum -- number of points per spectrum
nprop - number of components in the mixture in the cell
nc - number of colums in D spectrum -- number of training samples
unc - nr of colums in uD spectrum -- nr of verification samples
cell - number of cell being calibrated

OO0 O0O0OD0DO0O000DO0O0000O0O0

c
c Subprograms called: None
cccccccccc{‘l‘l‘l‘f‘{‘!‘r‘f‘{‘l‘l‘l‘l‘f‘f‘f‘!‘l‘t‘l‘f‘t‘rl‘l‘l‘f‘f‘t‘f‘t‘l‘t‘f‘l’rt‘l‘l‘l‘l‘f‘f‘l‘t‘f'l‘l‘l‘l‘fl‘t‘l‘l‘l‘l‘f‘l‘
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subroutine getvars(goflag,nr,nprop,nc,unc,cell)
logical goflag

integer nr,nprop,nc,unc

integer cell, active,dummy, nspecs

character*i3 cellfile

real*4 rdummy

character*1 adummy

c
¢ First: query the spectrum description file to find out which
¢ sample cell is to be calibrated
c

goflag = .true.

open(1,file='spec0.dat')

read(1,30) cell
30 format(i3)

if (Ccell .it. 0) .or. (cell .gt. 4)) then

goflag = .false.

write(*,31)
31 format(' Cell number out of range 0-4')
return
endif
if (cell .eq. 0) cellfile = 'cella0.dat’
if (cell .eq. 1) cellfile = 'cellal.dat’

if (cell .eq. 2) cellfile = 'cella2.dat®

if (cell .eq. 3) cellfile = 'cella3.dat®
if (cell .eq. 4) cellfile = 'cellas.dat!
c
¢ Next query the cell description file to find out if the cell is active
c
open(2,filezcellfile)
read(2,30) active
if (active .ne. 1) then
goflag = .false.
write(*,32)
32 format(' Cell not active')
return
endif
c

¢ positioner coordinates, number of scans, and normalization flag have
¢ no meaning in this module, move the file pointer past these data
c
read(2,30) dummy
read(2,30) dummy
read(2,30) dummy
read(2,33) rdummy
33 format(£6.3)
34 format(i1)
35 format(al)
36 format(i2)

c
¢ find the number of spectral points per spectrum
c

read(2,30) nr

if ((nr .lt. 0) .or. (nr .gt. 25)) then

goflag = .false.

write(*,37)
37 format(' Number of spectral components out of range 0-25*)

return

endi f
c
c move file pointer past the spectral wavelengths
c

do 99999 i=1,nr
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99999 read(2,30) dummy

c
¢ find out how many components the mixture in the cell has
c

read(2,30) nprop

if ((nprop .lt. 2) .or. (nprop .gt. 4)) then

goflag = .false.

write(*,38)
38 format(' Number of properties out of range 2-4')

return

endi f
c
¢ find out how many spectra are described in the spectrum description
c

read(1,30) nspecs

c
¢ loop through the spectrum List and count the number of spectra
¢ used for training (flag = 1) and for verification (flag = 0)

c

nc=0
unc=0
do 99998 i=1,nspecs
read(1,35) adummy
read(1,34) dummy
if (dummy .eq. 1) then
nc =nc + 1
else
unc = unc + 1
endif
do 99996 j=1,nprop
99996 read(1,34) dummy
99998 continue
if ((nc .Lt. 0) .or. (nc .gt. 20)) then
goflag = .false.

write(*,39)
39 format(' Number of training samples out of range 0-20')
return
endi f

if (Cunc .lt. 0) .or. (unc .gt. 20)) then
goflag = .false.

write(*,40)
40 format(' Number of verification samples out of range 0-20')
return
endif

c
¢ repoint the spectrum description file pointer to the
¢ beginning of the spectrum list
c

rewind 1

read(1,30) dummy

read(1,30) dummy

both files are kept open. another subroutine will use them
to load various arrays

o000

return
end

Subroutine Lstat computes the mean and variance of each column
the loading matrix, L.

0000

subroutine Lstat(nc,nf, L, MeanL,VarlL)
integer nc,nf




real*8 L{nc,nc),MeanL{nc),VarL(nc)
real*8 suml,sumlsq
do 99998 j=1,nf
suml.=0
sumLsqg=0
do 99999 i=1,nc
sumL=suml+L(i, j)
sumLsg=sumLsq+L(i, j)**2
99999 continue
MeanL (j)=suml/nc
Vari{j)=(sumLsq-sumL.**2/nc)/(nc-1)
99998 continue
return
end
c
¢ Subroutine MLR2 computes the coefficients of the MLR model
c for each property of the chemical training mixtures. These
¢ are put into the matrix B2prop which has nc+1 rows but only nf+1
c are used for initial model estimates.
c

subroutine MLR2(nprop,nc,ncpl,nf,pname,prop,L2
1 ,B2prop,B2punc,pest,sprop)
integer nprop,nc,ncpl,nf,nfpt,ndim
real*4 prop(nc,nprop),pest(nc, nprop)
real*8 L2(nc,ncpl),B2prop(ncpt,nprop),B2punc(ncpl, nprop)
real*8 sprop(nprop),L2TL2(21,21),L2TL21(21,21)
real*8 ident(21,21) |
character*30 pname(nprop)

write(*,1)
1 format(' Finding coefficients of mult. linear regr....1/)
nfpl=nf+1
c write(*,4)
c4 format(*' Matrix L2 transpose L2 (1st nf+1 elements only):*')
c
¢ Form L2 transpose times L2 (L2TL2). Only form the first nf+1 rows
c and columns since they are all that will be used in the model.
c Also temporarily assign the same elements to the inverse of
c L2 transpose L2 (L2TL21).
c
do 99997 i=1,nfpi
do 99998 j=1,nfpi
L2TL2¢i,j)=0
do 99999 k=1,nc
L2TL2C1, j)=L2TL2(i, J)+L2¢k, 1)*L2¢k, |)
99999 continue

L2TL21(H, j)=L2TL2(1, j)

99998 continue
¢ write(*,5) (L211L2(i,k),k=1,nfp1)
c5 format(50(1pe11.3))
99997 continue
c pause ‘'Hit return to continue'
c
¢ Invert L2TL2] to form the inverse of L2TL2.
c

ndim=21

call matinv(ndim,nfp1,L2TL21)
c write(*,6)
cb format(' Matrix L2 transpose L2 inverted:')
c do (i=1,nfp1)
c write(*,7) (L2TL2I(i,j),j=1,nfp1)
c7 format(50(1pe11.3))
c continue
c write(*,10)
c10 format(' Product of L2 transpose L2 with its inverse:')
c do (i=1,nfp1)
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¢ do (j=1,nfp1)

c ident(i,j)=0

c do (k=1,nfp1)

c ident(i, j)=ident(i,j)+L2TL2(i, k)*L2TL21(K,])
c continue

¢ continue

¢ write(*,11) (ident(i,j),j=1,nfpl)

ci1 format(50(0PF6.2))

¢ continue

¢ pause 'Hit return to continue'
call formB2(nprop,nc,ncpl, nfpl,L2,L2TL21,pname, prop
1 ,B2prop,B2punc,pest, sprop)
return
end
c
¢ Subroutine MLR3 does multiple Linear regression on the property
¢ passed to it with a reduced set of loading factors. The reduction
¢ is based on the correlation of the property with the loading
¢ factors. Those loadings with low correlation with the property
¢ are eliminated. The reduced loading factor matrix is L3.
c
subroutine MLR3(nprop,nc,ncpi,nf,pname,prop,L2, rhopL, rhothr
1 ,B3prop,B3punc,pest,np,nloadp,L3,sprop)
integer nprop,nc,ncpl,nf,np(nprop),nloadp(ncpl,nprop)
integer col,ndim,inp
real*4 prop(nc,nprop),pest(nc,nprop)
real*8 L2(nc,ncpl), rhopL(nc,nprop), rhothr(nprop)
real*8 B3prop(ncp1,nprop),sprop(nprop)
real*8 B3punc(ncp1),L3(nc,ncpl,nprop)
real*8 L3TL3(21,21),L3TL31(21,21)
real*8 ident(21,21)
character*30 pname(nprop)
write(*,1)
1 format(' Finding coefficients of mult. linear regr....'/)
do 99997 iprop=1,nprop
do 99998 i=1,nc
do 99999 j=1,ncpl
L3¢i,j,iprop)=L2(i, )
99999 continue
99998 continue
99997 continue
call reduce(nprop,nc,ncpl,nf,L3,pname, rhopl, rhothr
1 ,np,nloadp)
do 99993 iprop=1,nprop
¢ write(*,4)
ch format(' Matrix L3 transpose L3 (1st np elements only):')

Form L3(row,col, iprop) transpose times L3(row,col,iprop) (L3TL3).

Only form the first np rows and columns since they are all that

will be used in the model. Also temporarily assign the same

elements to the inverse of L3(row,col,iprop) transpose L3(row,col,iprop)
(L3TL3I).

OO0 00O0

do 99994 i=1,np(iprop)
do 99995 j=1,np(iprop)
L3TL3(i, j)=0
do 99996 k=1,nc
L3TL3(i, j)=L3TL3(i, jy+L3(k, 1, iprop)*L3(k, j, iprop)

99996 continue
L3TL3I(H, j)=L3TL3(, )
99995 continue
c write(*,5) (L3TL3(i,k), k=1,np(iprop))
c5 format(50(1pet1.3))

99994 continue
¢ pause 'Hit return to continue'




Invert L3TL3I to form the inverse of L3TL3.

0000

write(*,3)
c3 format(' Inverting L3 transpose L3...')
ndim=21
inp=np(iprop)
call matinv(ndim, inp,L3TL3I)
¢ write(*,6)
cb format(' Matrix L3 transpose L3 inverted:')
¢ do (i=1,np(iprop))
c write(*,7) (L3TL31(4,j), j=1,np(iprop))
c7 format(50(1pe11.3))
continue
write(*,10)
format(' Product of L3 transpose L3 with its inverse:')
do (i=1,np(iprop))
do (j=1,np(iprop))
ident(i,j)=0
do (k=1,np(iprop))
ident(i, j)=ident(i, j)+L3TL3(i, k)*L3TLII(K, )
continue
continue
write(*,11) (ident(i,]),j=1,np(iprop))
format(100(0PF6.2))
continue
pause 'Hit return to continue’
col=iprop
call formB3(col,nprop,nc,ncpl,np,L3,L3TL3I, pname
1 ,prop,B3prop,B3punc,pest, sprop)
pause 'Hit return to continue!'
99993  continue
return
end
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c
¢ Subroutine propst computes the means and variances of the properties
c passed to it.

c
subroutine propst(nprop,nc,prop,Meanp,Varp)
integer nprop,nc
real*4 prop(nc,nprop)
real*8 sump,sumpsq,Meanp(nprop),Varp{nprop)

c

€ Var(x) = E(x**2)- [E(x)]**2
¢ A computationally simpler form for Sample Variance of (x) is
c
c s**2(x)=(Sum of x**2-(Sum of x)*2/n)/(n-1)
c
do 99998 iprop=1,nprop
sump=0
sumpsq=0
do 99999 i=1,nc
sump=sump+prop(i, iprop)
sumpsg=sumpsq+prop( i, iprop)**2
99999 continue
Meanp(iprop)=sump/nc
Varp(iprop)=(sumpsq-sump**2/nc)/(nc-1)
99998 continue
return
end
c
c Subroutine reduce chooses the loadings that will be used based
¢ on their correlation with the property, prop, passed to it.
c
subroutine reduce(nprop,nc,ncpl,nf,L3, pname, rhopl, rhothr
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1 ,np,nloadp)
integer nprop,nc,ncpl,nf,np(nprop),ncend
integer nloadp(ncpl,nprop)
real*8 L3(nc,ncpl,nprop), rhopL(nc,nprop),rhothr(nprop)
character*30 pname(nprop)
do 99999 iprop=1,nprop
write(*,10) pname(iprop)

10 format(' For !,a,' the loading columns
1 with high correlation are:’)
np(iprop)=1
nloadp(np(iprop), iprop)=1
j=2
ncend=nf+1

if (j .gt. ncend) goto 99998
c do while (j.le.ncend)
99997 continue
if (abs(rhoplL(j-1,iprop)).ge.rhothr(iprop)) then
np(iprop)=np(iprop)+1
nloadp(np(iprop), iprop)=j
write(*,20) nloadp(np(iprop),iprop)

20 format(' #',i3)
else
ncend=ncend- 1

if (j.le.ncend) then
do 99995 jj=j,ncend

do 99996 i=1,nc
L3¢, jj,iprop)=L3(i, jj+1,iprop)
99996 continue
99995 continue
endif
endi f
j=j+

if (j .le. ncend) goto 99997
99998 continue

99999 continue

return

end
c
¢ Subroutine repm reports to the user, on the screen, the matrix,
c 'mat', passed to it. The numbers of rows and columns are passed in
¢ 'rows' and 'cols'. The data in 'mat' must be typed real*4.
c

subroutine repm(rows,cols,mat)

integer rows,cols

real*4 mat(rows,cols)

do 99999 i=1,rows

write(*,10) (mat(i,j),j=1,cols)

10 format(100(1pel11.3))
99999 continue

pause 'Hit return to continue!'

return

end

Subroutine repmd reports to the user, on the screen, the matrix,
'mat', passed to it. The numbers of rows and columns are passed in
‘rows' and 'cols'. The data in 'mat' must be typed real*8.

0O000O0

subroutine repmd(rows,cols,mat)
integer rows,cols
real*8 mat(rows,cols)
do 99999 i=1,rows
write(*,10) (mat(i,j),j=1,cols)
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10 format(100(1pe11.3))
99999 continue
pause 'Hit return to continue'
return
end
c
¢ Subroutine reptD reports on the screen the results of reading the
c concentration and spectral data. It is used for diagnosis
¢ and would not ordinarily be used in the final version.
c
subroutine reptD(nprop,nr,nc,pname,prop,D)
integer nprop,nr,nc, rows
real*4 prop(nc,nprop)
real*8 D(nr,nc)
character*30 pname(nprop)
write(*,10)
10 format(' Properties:!)
do 99998 iprop=1,nprop
write(*,20) pname(iprop)
20 format(1x,a)
do 99999 inc=1,nc
write(*,30) prop(inc,iprop)
30 format(1pe15.7)
99999 continue
pause 'Hit return to continue'
99998 continue
write(*,40)
40 format(' D matrix (up to 1st 40 rows):')
rows=nr
if (nr.gt.40) rows=40
call repmd(rows,nc,D)
return
end

c
¢ Subroutine reptst reports the results of the empirical tests
¢ to the user on the screen.
c

subroutine reptst(nc,nf,re,ie,xe, IND)

integer nc,nf,ncmi

real*8 re(nc),ie(nc),xe(nc), IND(nc)

ncmi=nc-1

do 99999 i=1,ncml

write(*,10) i,re(i),ie(i), xe(i),IND(i)
10 format(' n =',i3,' re =',1pel15.7,' ie =', 1pel5.7
1 ,' xe =',1pel5.7,' IND =',1pel5.7)

99999 continue

pause 'Hit return to continue!

return

end

Subroutine repv reports to the user, on the screen, the vector,
‘vec!, passed to it. The numbers of elements is passed in
‘rows'. The data in 'vec' must be typed real*4.

OO0 00

subroutine repv(rows,vec)
integer rows
real*4 vec(rows)
do 99999 i=1,rows
write(*,10) vec(i)
10 format(1pel11.3)
99999 continue
pause 'Hit return to continue'
return

end




c Subroutine repvd reports to the user, on the screen, the vector,
c 'vec', passed to it. The numbers of elements is passed in
c 'rows'., The data in 'vec' must be typed real*8.
c

subroutine repvd(rows,vec)

integer rows

real*8 vec(rows)

do 99999 i=1,rows

write(*,10) vec(i)

10 format(1pe11.3)
99999  continue

pause 'Hit return to continue’

return

end

Subroutine tests computes the estimates of three types of error mentioned
in Malinowski's paper; real error (re), imbedded error (ie) and extracted
error (xe) plus an 'indicator function' IND which is related to the

real error. On the basis of these error estimates one can make a first
conservative cut of the number of eigenvalues and eigenvectors used

in the MLR. The number of eigenvectors retained

is nf.

0O0000000O0

subroutine tests(nr,nc, lambda,re,ie,xe, IND,nf)
integer nr,nc,nf
real*8 lambda(nc),re(nc),ie(nc),xe(nc), IND(nc)
write(*,1)
1 format(' Testing for number of eigenvalues to retain...'/)
ncmi=nc-1
do 99998 nf=1,ncml
sum=0
nfpl=nf+1
do 99999 i=nfpt,nc
sum=sum+lambda(i)
99999 continue
re{nf)=sqrt(sum/(nr*(nc-nf)))
ie(nf)=sgrt(nf*sum/(nr*nc*(nc-nf)))
xe(nf)=sqrt(sum/(nr*nc))
IND(nf)=re(nf)/(nc-nf)**2
99998 continue
nf=int(0.625*nc)
write(*,20) nf
20 format(' No. of primary eigenvalues retained is ',i3)
return
end

subroutine writemat
writes selected data do calibration matrix file
Input data (parameters):

nprop The number of “properties" for which to find models (<=4).
A property, in our case, is a chemical concentration.

nc The number of different concentration combinations (mixtures) used
in the training set (<=20).

nr The number of wavenumbers used from each spectrum of
Raman responses for training (<=25).

lambda A vector of the eigenvalues of Z with nc elements.

F A matrix whose columns are the abstract “factors" or
“eigenspectra" of D. It is the same size as D.

0O0000000O0000000000O0O0
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np A vector of integers. Each element is the number of columns of
the augmented loading matrix, L2, which are kept after examining
the correlation between as property and the loading matrix columns.
It has nprop elements.
columns but only the first np rows in each column are significant.

nloadp A motrix of integers. Each column contains the subscripts
designating the loading columns of L2 which are retained
for a property to form L3. Its size is (nc+1) rows by nprop
columns but only the first np (for a particular property)
elements in a particular column are significant.

ncpl columns in augmented loading matrix

B3prop A reduced matrix of the coefficients in the regression models used
to predict properties. Each column contains the set of
coefficients for one property. Its size is nc rows by nprop
columns but only the first np rows in each column are signficant.

c
c

c

c

c

c

c

c

c

c

c

c

c

c

c

c cell cetl number
c

c

c

c

c

c

c Output data:

c file:

¢ matrixy.dat - y corresponds to cell number. File contains the data
c required by the control system to deduce the

c composition of an unknown mixture, given its spectrum.
c

c

¢ Subprograms called: None
geeceeececeeccecececccceceececeeccceeecccececececccececcecececececeeccececceeecececeeccceecececee

subroutine writemat(cell,nprop,nr,ncpl,nc,f, lambda, np,nloadp
1,B3prop)

integer nprop,nr,ncpl,nc,cell

real*8 f(nr,nc), lambda(nc),B3prop(ncpl,nprop)

integer np(nprop),nloadp(ncpl,nprop)

character*13 matfile

if (cell .eq. 0) matfile = 'matrix0.dat’
if (cell .eq. 1) matfile = 'matrixi.dat?
if (cell .eq. 2) matfile = 'matrix2.dat!®
if (cell .eq. 3) matfile = '‘matrix3.dat’
if (cell .eq. 4) matfile = 'matrix4.dat!

open(1,file=matfile)
close(1,status=tdelete’')
open(1,file=matfile,status='new')
write(1,500) nc
500 format(1x,13)
501 format(1x,E14.8)
do 99999 i=1,nr
do 99998 j=1,nc
write(1,501) f(i,j)
99998 continue
99999 continue
do 99997 i=1,nc
99997 write(1,501) lambda(i)
do 99996 i=1,nprop
99996 write(1,500) np(i)
do 99995 i=1,ncpl
do 99994 j=1,nprop
write(1,500) nloadp(i,j)
99994 continue
99995 continue
do 99993 i=1,ncpl
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do 99992 j=1,nprop
write(1,501) B3prop(i,]J)
99992 continue
99993 continue
close(1)

return
end

subroutine rs(mm,n,a,w,matz,z, fvl,fv2,ierr)

integer n,nm,ierr, matz
double precision a(nm,n),w(n),z(nm,n),fvi(n),fva(n)

this subroutine calls the recommended sequence of
subroutines from the eigensystem subroutine package (eispack)

to find the eigenvalues and eigenvectors (if desired)
of a real symmetric matrix.

on input
nm must be set to the row dimension of the two-dimensional
array parameters as declared in the calling program
dimension statement.
n is the order of the matrix a.
a contains the real symmetric matrix.
matz is an integer variable set equal to zero if
only eigenvalues are desired. otherwise it is set to
any non-zero integer for both eigenvalues and eigenvectors.
on output
w contains the eigenvalues in ascending order.
Z contains the eigenvectors if matz is not zero.
ierr is an integer output variable set equal to an error
completion code described in the documentation for tqlrat
and tql2. the normal completion code is zero.
fvl and fv2 are temporary storage arrays.

questions and comments should be directed to burton s. garbow,
mathematics and computer science div, argonne national laboratory

this version dated august 1983.
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if (n .le. nm) go to 10
ierr =10 * n
go to 50

10 if (matz .ne. 0) go to 20
€ cieene .... find eigenvalues only ...... ceee
call tredi(rm,n,a,w,fvl,fv2)
* tqlrat encounters catastrophic underflow on the Vax
call tqlrat(n,w,fv2,ierr)
catl tqli(n,w,fvl,ierr)

»*




go to 50
€ ceecnnne .. find both eigenvalues and eigenvectors ..........
20 call tred2(rm,n,a,w,fvl,z)
call tql2(rm,n,w,fvl,z,ierr)
50 return
end |
subroutine tql1(n,d,e,ierr)

integer i,j,l,m,n,ii, 11,i2,mml,ierr

double precision d(n),e(n)

double precision c,c2,c3,dl1,elt,f,9,h,p,r,s,82,tst1,tst2, pythag
this subroutine is a transtation of the algol procedure tql1,
num. math. 11, 293-306(1968) by bowdler, martin, reinsch, and
wilkinson.

handbook for auto. comp., vol.ii-linear algebra, 227-240¢1971).

this subroutine finds the eigenvalues of a symmetric
tridiagonal matrix by the ql method.

on input
n is the order of the matrix.
d contains the diagonal elements of the input matrix.

e contains the subdiagonal elements of the input matrix
in its last n-1 positions. e(1) is arbitrary.

on output

d contains the eigenvalues in ascending order. if an
error exit is made, the eigenvalues are correct and
ordered for indices 1,2,...ierr-1, but may not be
the smallest eigenvalues.

e has been destroyed.
ierr is set to
zero for normal return,
j if the j-th eigenvalue has not been
determined after 30 iterations.

calls pythag for dsqrt(a*a + b*b) .

questions and comments should be directed to burton s. garbow,
mathematics and computer science div, argonne national laboratory

this version dated august 1983.
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ierr = 0
if (n .eq. 1) go to 1001

i
100 e(i-1) = e(
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if (tstl .lt. h) tst1 = h
€ seeesscnes look for small sub-diagonal element ..........
do1M0m=1L,n
tst2 = tst1 + dabs(e(m))
if (tst2 .eq. tst1) go to 120

c ceesessers €(n) is always zero, so there is no exit

c through the bottom of the loop cvvevveens
110 continue

c

120 if (m .eq. L) go to 210
130 if (j .eq. 38) go to 1000

=i+

€ tiieenenes form shift ..........
1M=1L1L+1
2=11+1
g = d(b)
P = (d(l1) - g) / (2.0d0 * e(l))
r = pythag(p,1.0d0)

d(l) = e(l) /7 (p + dsign(r,p))
d(l1) = e(l) * (p + dsign(r,p))
dl1 = d(l1)

h =g -d)

if (12 .gt. n) go to 145

do 140 i = {2, n
140 d(i) = d(i) - h

145 f=f+h

m- 1
c ceessveess for i=m-1 step -1 until L do -- ..........
do 200 ii = 1, mml
c3 = ¢2
c2 =¢
s2=s
m- ii
c * e(i)
c*p
pythag(p,e(i))
i+1) =s * r
e(i)/r
p/r
p=c*d(i) -s*g
d(i+1) =h + s * (c * g + s * d(i))
200 continue

- nnn

om0 TO -
~

c
P=-s*s2*c3*ell*e(l)/d
e(l)y =s *p
d(l) =c*p
tst2 = tst1 + dabs(e(l))

if (tst2 .gt. tst1) go to 130
210 p=d(l) +f

< order eigenvalues ..........
if (1 .eq. 1) go to 250
€ ciineienes for i=l step -1 until 2 do -- ..........

do 230 ii = 2, |
i=1l+2-ii
if (p .ge. d(i-1)) go to 270
d(i) = d(i-1)
230 continue




c
250 i=1
270 d¢i) = p
290 continue

c
go to 1001

€ teeenianes set error -- no convergence to an

c eigenvalue after 30 iterations ..........

1000 ierr = |
1001 return
end
subroutine tql2(mm,n,d,e,z,ierr)

integer i,j,k,l,m,n,ii, 11,12,nm,mml,ierr
double precision d(n),e(n),z(rnm,n)
double precision c,c2,c3,dl1,el1,f,g,h,p,r,s,s2,tst1,tst2, pythag

this subroutine is a translation of the algol procedure tql2,
num. math. 11, 293-306(1968) by bowdler, martin, reinsch, and
wilkinson.

handbook for auto. comp., vol.ii-linear algebra, 227-240¢1971).

this subroutine finds the eigenvalues and eigenvectors
of a symmetric tridiagonal matrix by the gl method.
the eigenvectors of a full symmetric matrix can also
be found if tred2 has been used to reduce this

full matrix to tridiagonal form.

on input

nm must be set to the row dimension of two-dimensional
array parameters as declared in the calling program
dimension statement.

n is the order of the matrix.
d contains the diagonal elements of the input matrix.

e contains the subdiagonal elements of the input matrix
in its last n-1 positions. e(1) is arbitrary.

z contains the transformation matrix produced in the
reduction by tred2, if performed. if the eigenvectors
of the tridiagonal matrix are desired, z must contain
the identity matrix.

on output

d contains the eigenvalues in ascending order. if an
error exit is made, the eigenvalues are correct but
unordered for indices 1,2,...,ierr-1.

e has been destroyed.

z contains orthonormal eigenvectors of the symmetric
tridiagonal (or full) matrix. if an error exit is made,
z contains the eigenvectors associated with the stored
eigenvalues.

ierr is set to
zero for normal return,
j if the j-th eigenvalue has not been
determined after 30 iterations.

OO0 O0O000000000000000000000000000000O00O000000000O00

calls pythag for dsqrt(a*a + b*b) .




questions and comments should be directed to burton s. garbow,
mathematics and computer science div, argonne national laboratory

this version dated august 1983.

OO0 000 00

jerr = 0
if (n .eq. 1) go to 1001

do 100 i =2, n
100 e(i-1) = e(i)

c
f = 0.0d0
tst1 = 0.0d0
e(n) = 0.0d0
[
do 240 L =1,
=0
h = dabs(d(l)) + dabs(e(l))
if (tst? .lt. h) tstl = h

[~ +... look for small sub-diagonal element ..........
do110m=1,n
tst2 = tst1 + dabs(e(m))
if (tst2 .eq. tst1) go to 120

€ ceiinenaas e(n) is always zero, so there is no exit

c through the bottom of the loop ......... .
110 continue

c

120 if (m.eq. L) go to 220
130 if (j .eq. 30) go to 1000

=j+1
< form shift ..........
l1=1+1
2=11+1

g = d(l)

P = (d(l1) - g) / (2.0d0 * e(l))
r = pythag(p,1.0d0)

d(l) = e(l) / (p + dsign(r,p))
d(l1) = e(l) * (p + dsign(r,p))
dl1 = d(l1)

h =g - dl)

if (12 .gt. n) go to 145

do 140 i = 12, n
140 d(i) =d(i) - h

145 f=f+h
c seesessses Gl transformation ..........

-1
c ceernsanae for i=m-1 step -1 until L do -- ..........
do 200 ii = 1, mml
c3 = c2
c2=c
s2
i

s
m- ii

c * e(i)
c*p
pythag(p,e(i))

T




e(i+1) =s * r
s=ze(i)/ r
c=p/r
p=c*d(i)-s*g
d(i+1) =h + s * (c * g + s * d(i))
< form vector ..........
do 180 k = 1, n
h = z2(k,i+1)
2(k,i+1) = s * z(k,i) + ¢ * h
z(k,i) = ¢ * 2(k,i) ~ s * h

180 continue
c
200 continue
c
p=-s*s2*c3*ell*e(l//d
e(l)y=s*p
d(l)y =c*p

tst2 = tst1 + dabs(e(l))

if (tst2 .gt. tst1) go to 130
220 d(l) = d(l) + f
240 continue

i=ii-1

k=i
p = d(i)
c
do 260 j = ii, n
if (d(j) .ge. p) go to 260
k=]
p = d(j)
260 continue
c
if (k .eq. i) go to 300
d(k) = d(i)
d¢i) = p
c
do 280 j=1,n
p=2(,
z(j,i) = z¢j,k)
2(j,k) =p
280 continue
c
300 continue
c
go to 1001
€ tereesenes set error -- no convergence to an
c eigenvalue after 30 iterations ..........
1000 ierr = L
1001 return
end
subroutine tredi(mm,n,a,d,e,e2)
c

integer i,j,k,l,n,ii,nm,jp1
double precision a(nm,n),d{(n),e(n),e2(n)
double precision f,g,h,scale

this subroutine is a translation of the algol procedure tredi,
num. math. 11, 181-195(1968) by martin, reinsch, and wilkinson.
handbook for auto. comp., vol.ii-linear algebra, 212-226(1971).

this subroutine reduces a real symmetric matrix
to a symmetric tridiagonal matrix using
orthogonal similarity transformations.

c
c
c
c
c
c
c
c
c




on input
nm must be set to the row dimension of two-dimensional
array parameters as declared in the calling program
dimension statement.

n is the order of the matrix.

a contains the real symmetric input matrix. only the
lower triangle of the matrix need be supplied.

on output
a contains information about the orthogonal trans-
formations used in the reduction in its strict lower
triangle. the full upper triangle of a is unaltered.

d contains the diagonal elements of the tridiagonal matrix.

e contains the subdiagonal elements of the tridiagonal
matrix in its last n-1 positions. e(1) is set to zero.

e2 contains the squares of the corresponding elements of e.
e2 may coincide with e if the squares are not needed.

questions and comments should be directed to burton s. garbow,
mathematics and computer science div, argonne national laboratory

this version dated august 1983.
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do 100 i =1, n
d(i) = a(n,i)
aln,i) = a(i,i)
100 continue

€ civiensnns for i=n step -1 until 1 do -- ..........
do 300 ii =1, n
i=n+1-ii
l=1i-1
h = 0.0d0
scale = 0.0d0
if (1 .lt. 1) go to 130
€ trerneanes scale row (algol tol then not needed) ..........

do 120k =1,
120 scale = scale + dabs(d(k))

c
if (scale .ne. 0.0d0) go to 140
[+
do 125 j =1, L
d(j) = a(l,))
a(l,j) = a(i,))
a(i,j) = 0.0d0
125 continue
c
130 e(i) = 0.0d0
e2(i) = 0.0d0
go to 300
c
140 do 150 k = 1,
d(k) = d(k) / scale
h = h + d(k) * d(k)
150 continue
¢

e2(i) = scale * scale * h




f = d(l)

g = -dsign(dsqrtch),f)
e(i) =scale* g

h =

h-f*g
dly=f-g
if (1 .eq. 1) go to 285
€ teeecscnes form a*u .....i000.-
do 170 j =1, |
170 e(j) = 0.0d0
c
do 240 j =1, 1
f = d(j)
g=e(j)+a(j,j)*f
jpl = j +1
if (L .lt. jp1) go to 220
c
do 200 k = jp1, 1
g =g+ ack,j)*dk)
etk) = e(k) + a(k,j) * f
200 continue
c
220 e(j) =g
240 continue
c tecesseanas formp veeeennnns
f = 0.0d0
c

do 245 j =1, L
e(j) =e(jd>/h
f=1f+e(j)*d)
245 continue

do 250 j =1,
250  e(j) = e(j) - h * d())

< form reduced a ..........
do 280 j =1, 1
f = d(j)
g = e(j)
c
do 260 k = j, |
260 a(k,j) = atk,J) - f * e(k) - g * d(k)
c
280 continue
c
285 do 290 j =1, 1
f =d(j)

a(i,j) = f * scale
290 continue

300 continue

return
end
subroutine tred2(nm,n,a,d,e,z)

integer i,j,k,L,n,ii,nm,jp1
double precision a(nm,n),d(n),e(n),z(nm,n)
double precision f,g,h,hh,scale

this subroutine is a translation of the algol procedure tred?2,
num. math. 11, 181-195(1968) by martin, reinsch, and wilkinson.
handbook for auto. comp., vol.ii-linear algebra, 212-226(1971).

OO0 o0o0
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this subroutine reduces a real symmetric matrix to a
symmetric tridiagonal metrix using and accumulating
orthogonal similarity transformations.

on input
nm must be set to the row dimension of two-dimensional
array parameters as declared in the calling program
dimension statement.

n is the order of the matrix.

a contains the real symmetric input matrix. only the
lower triangle of the matrix need be supplied.

on output
d contains the diagonal elements of the tridiagonal matrix.

e contains the subdiagonal elements of the tridiagonal
matrix in its last n-1 positions. e(1) is set to zero.

z contains the orthogonal transformation matrix
produced in the reduction.

a and 2 may coincide. if distinct, a is unaltered.

questions and comments should be directed to burton s. garbow,
mathematics and computer science div, argonne national laboratory

this version dated august 1983.

do 100 i =1, n

do8 j=1i,n

z(j,i) = a(j,i)

d(i) = a(n,i)
continue

if (n .eq. 1) go to 510

......... . for i=n step -1 until 2. do -- ..........
do 300 ii =2, n
i=n+2-ii
lL=1i-1
h = 0.0d0
scale = 0.0d0
if (L .lt. 2) go to 130
cernnssnns scale row (algol tol then not needed) ..........

do 120 k = 1, 1
scale = scale + dabs(d(k))

if (scale .ne. 0.0d0) go to 140

e(i) = d(l)

do 135 j =1, L
d(j) = 2(L, )
z2(i,j) = 0.0d0
2(j,i) = 0.0d0

continue

go to 290




140 do 150 k = 1, |
d(k) = d(k) / scale
h = h + d(k) * d(k)
150 continue

c
f = d(l)
g = -dsign(dsqrt(h),f)
e(i) = scale* g
h=h-f*g
d(ly =f -g
€ tesessases form a*u .......uee
do 170 j =1, |
170 e(j) = 0.0d0
c
do 240 j =1, 1
f =d(j)
2¢j,i) = f
g=e(j)+ 2(j,j)*f
jpl = j +1
if (L .lt. jp1) go to 220
c
do 200 k = jp1, |
g =9+ z(k,j) * dtk)
e(k) = e(k) + z2(k,j) * f
200 continue
c
220 e(j)=g
240 continue
€ terrennees formp .....c.n..
f = 0.0d0
c

do 245 j =1, |
e(j) =e(j) / h
f=1f+e(j)*dj)
245 continue

hh = f / (h + h)
€ teieennees formq ..covnenen
do 250 j =1, 1
250 e(j) = e(j) - hh * d(})

€ aeune een.. form reduced a ..........
do 280 j =1, |
f =d(j)
g =e())
c

do 260 k = j, L
260 z(k,j) = z(k,j) - £ * e(k) - g * d(k)

dgj) = 2¢L, )
2(i,j) = 0.0d0
280 continue

290 d(i) = h
300 continue
€ ceineanans accumulation of transformation matrices ..........
do500i=2n |

l=4i-1 ‘
z(n,l) = z(L,1)
z(L, 1) = 1.0dC
h = d(i)
if ¢(h .eq. 0.0d0) go to 380

do 330 k

=1
330 dk) = z(k,i

o L
Y/ h

404




do 360 j =
g = 0.0d0
c
do 340 k = 1, |
340 g=g9g+ 2k, i) * z¢k,j)
c

do 360 k = 1, |
z(k,j) = z(k,j) - g * d(k)
360 continue

[
380 do 400 k =1, L
400 2(k,i) = 0.0d0
c
500 continue
c
510 do 520 i =1, n
d(i) = z(n,i)
z(n,i) = 0.0d0
520 continue
c
z(n,n) = 1.0d0
e(1) = 0.0d0
return
end
double precision function pythag(a,b)
double precision a,b
c
c finds dsqrt(a**2+b**2) without overflow or destructive underflow
c

double precision p,r,s,t,u
p = dmax1(dabs(a),dabs(b))
if (p .eq. 0.0d0) go to 20
r = (dminl(dabs(a),dabs(b))/p)**2
10 continue
t=4.0d0 + r
if (t .eq. 4.0d0) go to 20
s=r/t
u = 1.0d0 + 2.0d0*s
p = u*p
r = (s/uy*2 * r
go to 10
20 pythag = p
return
end

subroutine matinv(ndim,norder,mat)

Lengths of ik and jk must be set big enough
to accomodate the largest number of training
samples anticipated.

00000

integer ndim,norder,i,j,k,ik(21),jk¢21),L
logical jloop,iloop

double precision mat(ndim,ndim),mmag
det=1.0d0

do 89989 k=1,norder

(2]

Find largest element mat(i,j) in rest of matrix.

amax = 0.0d0
jloop=.true.
89996 continue
iloop=.true.
89997 continue




l

do 89998 i=k,norder
do 89999 j=k,norder
amag=abs(amax)
mmag=abs(mat(i,j))
if ((amag-mmag).le.0.0d0) then
amax=mat(i,])

ik(k)=i
jk(k)=j
endif
89999 continue
89998 continue
c
c Interchange rows and columns to put amax in mat(k,k).
c
if (amax.eq.0.0d0) then
det=0
return
endif
i=ik(k)
if (i.ge.k) iloop=.false.
if (iloop) goto B9997
if (i.ne.k) then
do 89995 j=1,norder
savenum=mat(k, j)
mat(k, j)=mat(i,j)
mat(i,j)=-savenum
89995 continue
endif
j=ik(k)
if (j.ge.k) jloop=.false.
if (jloop) goto 89996
if (j.ne.k) then
do 89994 i=1,norder
savenum = mat(i, k)
mat(i,k) = mat(i,j)
mat(i,j) = -savenum
89994 continue
endi f
c
¢ Accunulate elements of inverse matrix.
c

do 89993 i=1,norder
if (i.ne.k) mat(i, k)=-mat(i, k)/amax
89993 continue
do 89991 i=1,norder
do 89992 j=1,norder
if (¢i.ne.k).and.(j.ne.k)) then
mat(i, j)=mat(i,j)+mat(i,k)*mat(k,])
endi f
89992 cont inue
89991 continue
do 89990 j=1,norder
if (j.ne.k) mat(k, j)=mat(k, j)/amax
89990 continue
mat(k,k)=1/amax
det=det*amax
89989 continue
c
¢ Restore ordering of matrix.
c

do 89986 L=1,norder
k=norder-L+1
j=ik(k)
if (j.gt.k) then
do 89988 i=1,norder




savenum=mat(i, k)
mat(i,k)=-mat(i,j)
mat(i, j)=savenum

89988 continue
endif
i= jkek)
if (i.gt.k) then
do 89987 j=1,norder

savenum=mat(k, j)
mat(k, j)=-mat(i,}j)
mat(i, j)=savenum

89987 continue
endif
89986 continue

return
end




/* UT Measurement and Control Engineering Center */

/* */
/* Stephen W. Kercel June 1, 1990 */
/* */
/* specr0.c */
I* */

/* Program polls the hardware and files. Then it moves the positioners to */
/* collect spectra from the selected cell.If not ready, it returns to DOS. */
/* 1f files and hardware are reedy, program collects the spectra described */

/* described in spec0.dat. */
/* */
/* CAUTION: */
/* This program is not portable. It was developed under Microsoft Quick C, */
/* using Microsoft and National Instrument library functions. */
/* The 1/0 messages are hardware dependent, */
/* being specifically designed for two Daedal PC23 indexers, a */

/* Perkin-Elmer 1700 interferometer connected via a National Instruments */
/* 1EEE-488 board, and a TTL controlled solenoid run via the printer port. */

/* */
/* DO NOT COMPILE THIS PROGRAM WITH ANY COMPILER EXCEPT MICROSOFT QUICK C */
/* VERSION 2.01 OR HIGHER. */
/* */
/* RUN THE EXECUTABLE CODE ONLY ON A PC EQUIPPED AS DESCRIBED ABOVE. */
/* MAKE SURE THE 1/0 ADDRESS SWITCH SETTINGS ON THE BOARDS AGREE WITH */
/* THE 1/0 ADDRESSES IN THE DECLARED CONSTANTS OF THIS PROGRAM. */
/* */
/* FAILURE TO OBSERVE THE ABOVE PRECAUTIONS WILL LEAD TO UNEXPECTED RESULTS*/
/* */
/* Input Data: */
/* Files created by user with text editor: */
/* cellaO.dat through cella4.dat - contain data for each cell */
/* spec0.dat - contains description of spectra to be collected */
/* Vector obtained from spectrometer: */
/* spectrumC - spectrum of current sample */
/* */
/* Output Data (sent to spectrum files): */
/* spectrum0 - one spectrum vector sent to each file */
/* */
/* Functions called from main(): */
/* pos_there() - Assures that PC23 boards are ready to accept commands */
/* set_mode() - sets PC23s to absolute positioning mode */
/* dofiles() - initializes arrays from cell and matrix files */
/* gig1700() - assures that the spectrometer is there */
/* flip_dump() - moves beam dump solenoid */
/* move_stage() - move stage to next set of absolute coordinates */
/* get_spectrum() - collect spectrum through spectrometer */
/* file_spec() - writes spectrum vector to spectrum file */
/* ungig1700() - return spectrometer to conventional mode */
- */

/******t****ﬁ************'k***************ttii*i**t****t****i*itti*****ti.i*ﬁ/

/*headers*/

#include <stdio.h> /* 1/0 headers standard for most C programs*/
#include <string.h> /* headers for string handling -- Microsoft library*/
#include <conio.h> /* 1/0 headers -- Microsoft library*/

#include <stdlib.h> /* Microsoft extensions */

/*defined constants*/

#define TRUE 1

#define FALSE 0

#define ADDRESSO 0x300 /*positioner 0 address*/

#define ADDRESS1 0x310 /*positioner 1 address*/

#define ADDRESS2 0x378 /*beam dump address*/

#define TIMEOUT 1200 /*maximum spectrum scan time in seconds*/
#define MAXINT 32000
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#define RETURN OxD

#define MAXSPEC 25 /*maximum number of spectrum points used by a cell*/
#define MAXCOMPS 4 /*maximum number of components in a cell*/

#idefine MAXSTR 30 /*maximum component string length*/

#define MAXSFILES 30 /*maximum number of spectrum files per cell*/

/* In addition to the general purpose defined constants listed above, */

/* the control of the positioner makes use of various status and control*/
/* bit masks. Pages 22-30 of the PC23-03 manual describe the functions of*/
/* each registers bits (with the exception of the status registers bit 7*/
/* which indicates if the PC23 buffer is over half full). Page 30 gives*/
/* a step by step procedure of the handshaking process. Page 62 explains*/
/* the differences between the binary write (time distance) function and*/
/* the normal write function. */

#define FAIL 0x20 /* 0010 0000 */

#define START_M Ox7F /* 0111 1111 %/

#define INTCLR Ox20 /* 0010 0000 */

#define RESTART 0x17 /* 0001 0111 */

#define POSITIVE Ox8000 /* 1000 0000 0000 0000 */
#define ALDONE Ox7 /* 0111 */

#define STOP Ox64 /* 0110 0100 */

#define START Ox40 /* 0100 0000 */

#define CB 0x60 /* 0110 0000 */

#idefine CB1 Ox61 /* 0110 0001 */

#define IDB_M Ox10 /* 0001 0000 */

#define 1DB 0x70 /* 0111 0000 */

#idefine IDB1 0x71 /* 0111 0001 */

#define ODB 0x8 /* 1000 */

#define ACK OxEO /* 1110 0000 */

#define BFULL Ox80 /* 1000 0000 */ /*checks buffer status*/

/* All preceding compiler directives are overhead. The actual program*/
/* starts here. No global variables have been declared. */

main()
{
/* declarations and initializations */

int i,k;/*loop counters*/

int |;/*axis pointer*/

int j;/*array pointer -- cell number*/

int modeflag = TRUE;/*1 => both positioners went home */

int goflag = TRUE;/*1 => both positioners initialized */

int quitflag = FALSE;/* TRUE => halt, return to DOS */

int retflag;/*TRUE => program ran ok*/

char string_array[5] [MAXCOMPS] [MAXSTR] ; /*composition strings*/
int cellflagl5);/*TRUE => cell is active*/

int scans[5};/*number of scans used for current cell*/

int scount[5];/*number of points in spectrum of current cell*/
float norm[5];/*normalization indicator for current cell*/

int spect[5] [MAXSPEC);/*spectrum wave numbers for current cell*/
int a = TRUE;/*TRUE => all files opened and had good data*/

int g[51 = (0,0,0,0,0);/*number of components in this cell's mixture*/
tong cellarray0([5][3];/*excite positioner coordinate vectors*/
long cellarrayl(5)[3];/*receive positioner coordinate vectors*/
float spectrumO[MAXSPEC];/*spectrum vector*/

float normfact = 1.0;/*height drift normalizing factor*/

int z;/*TRUE => spectrum collected ok*/

int specfs;/*number of spectra to be obtained*/

char s_arr [MAXSFILES) [13);/*spectrum file names*/

int tvf[MAXSFILES];/*holds training verification flags*/

float f_arr[MAXSFILES] [MAXCOMPS];/*composition vectors*/

int specok = TRUE;/*TRUE => spectrum ok*/

char keybuf[81];/*keyboard input buffer*/
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/* the function starts doing work here */

pos_there(&goflag); /* check whether positioners are there */
if (goflag)
<
set_mode(&modeflag); /*send positioners home*/
goflag = goflag && modeflag;
)
if (goflag)
(

a = do_files(cellflag,cellarray0,cellarrayl,g,string_array,
scans, scount,norm,spect,&j,&specfs,s_arr, tvf,f_arr);
/*get data from files*/

goflag = goflag && a;

)

if (goflag)

L4
a = gig1700(); /*gig the spectrometer*/
goflag = goflag && a;

)

if (goflag) /*if everything is ready*/
(
flip_dump(1); /*move beam dump to block laser*/
move_stage(j,ADDRESSO,cellarray0);/*excitation stage*/
flip_dump(0); /*move beam dump to unblock laser*/
move_stage( j,ADDRESS1,cellarrayl);/*receive stage*/
for (i=0;((i<specfs) && (a));i++)
(
specok = FALSE;
while (!specok)
L4
z = get_spectrum(j,scount[j],spect,scans[j],norm[j],
normfact,spectrum0);
printf("\n<S>ave spectrum or <R>un it again? “);
scanf("Xs", keybuf);
fflush(stdin);
if ((*keybuf == 'St) |! (*keybuf == 's'))
specok = TRUE;
)
a = file_spec(i,s_arr,scount([j],spectrum0);
a = (aék 2);
a = ungig1700();/*return spectrometer to conventional mode*/
retflag = TRUE;

)
else

retflag = FALSE;
return(retflag);

First Level - Functions First Called by Main Functions
function flip_dump()

Function to operate the beam dump solenoid.

The beam dump solenoid is controlled by the logic state on pin 2 of th
parallel printer port. A byte is written to the port address 378 hex.
States of pins 2 through 9 on the printer port connector correspond to
the states of bits 0 through 7 resectively of the output byte. Sending
a 0 to the port latches pin 2 low. Sending a 1 to the port latches pin
2 high.

*/

*/
*/
*/
e*/
*/
*/
*/
*/
*/
*/




/* CAUTION: DO NOT USE THIS FUNCTION IF THERE IS A PRINTER CONNECTED TO */

/* THE PARALLEL PRINTER ADAPTER. */
/* */
/* input data (parameter): */
/* flag - 1 => energize pin 2 */
/* */
/* output data (sent to printer port): */
/* flag - 1 => energize pin 2 */
/* */
/* functions called: none */

/******t**ti****ﬁ*i****t****it*************tttttiititiit*ttti**t*ttii*tﬁ***/

flip_dump(flag)
int flag;/*1 => energize pin 2*/

¢

outp(ADDRESS2, flag);
)
/* function get_spectrum() */
/* */
/* function collects a spectrum from the interferometer */
/* */

/* function sends the number of scans to the interferometer, starts the */
/* scanning operation, polls the interferometer until either the scanning */
/* is completed or the TIMEOUT constant (seconds) is exceeded, downloads */
/* the collected spectrum to memory, selects the desired spectrum points, */

/* drift normalizes the spectrum points if necessary, and returns the */
/* short spectrum vector to the calling function. */
I* */
/* NOTE: ACTUAL IMPLEMENTATION OF INTERFEROMETER FUNCTIONS AWAITS FURTHER */
/* TECHNICAL INFORMATION FROM PERKIN-ELMER. FOR THE MEAN TIME, DUMMY */
/* VERSIONS OF THE FUNCTIONS HAVE BEEN IMPLEMENTED. */
/* */
/* input data: */
/* parameters: */
/* cell - cell number */
/* cols - number of spectrum points to be returned */
/* spect - list of wave numbers for which intensities are sought */
/* scans - number of scans to be used in collection of spectrum */
/* normflag - >0.1 => normalize for height drift */
/* normfact - multiply each point by this factor if drift normalizing */
/* from interferometer via GPIB bus: */
/* long_spec - long version of spectrum */
/* */
/* output data: */
/* parameter: spectrum0 - short version of normalized spectrum vector */
/* call return: z - TRUE => spectrum collected OK */
r* */
/* functions called: none yet */
/* */

/t***********t******ﬁ************i*********ttitiit*i***tt*t*************i**,

get_spectrum(cell,cols,spect,scans,normflag,normfact,spectrum0)

int cell;/*cell number*/

int cols;/*number of components in spectrum*/

int spect[] [MAXSPEC];/*wave numbers for which intensities are sought*/
int scans;/*number of scans in spectrum*/

float normflag;/* >0.1 => normalize for height drift*/

float normfact;/*normalizing factor*/

float spectrumB{];/*spectrum vector*/

{

int i;
for (i=0;i<cols;i++)
if (i ==2)




spectrum0{i] = 14.0;
else
spectrum0{i] = 0.1 * {;
return(TRUE);
)
/* function pos_there */
r* */
/* initializes both positioners and makes sure they are both there */
/* */
/* input data: */
/* readflag - flag passed back by initialize() */
/* */
/* output data: */
/* gofrag - flag passsed back to calling function */
r* */
/* functions called: */
/* initialize() - initializes addressed positioner */
r* */

/*****************i******t**i***it***t***t************t*tti*****i**********/

pos_there(gofrag)
int *gofrag;/*TRUE => Both positioners initialized*/

(

int readflag = TRUE;/* TRUE => positioner initialized */

int address;/*address of positioner*/

address = ADDRESSO;

initialize(address,&readflag);/*set up PC23*/

*gofrag = readflag;

if (!readflag)

printf(“\nPositioner %x failed to initialize\n", address);

address = ADDRESS1;

initialize(address,&readflag);

*gofrag = *gofrag && readflag;

if ('readflag)

printf("\nPositioner Xx failed to initialize\n", address);
}
/* function set_mode */
/* */
/* homes both positioners and sets to absolute positioning mode */
/* */
/* input data: */
/* readflag - flag passed back by set_one() */
/* */
/* output data: */
/* gofrag - flag passsed back to calling function */
/* */
/* functions called: */
/* set_one() - send messages to addressed positioner */
/* */

/*********i****i**********i************t*tli*i*********t*ﬁ*t*iiit***t*ﬁ*ii*/

set_mode(gofrag)
int *gofrag;/*TRUE => Both positioners went home*/

{
int readflag = TRUE;/* TRUE => positioner went home */
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int address;/*address of positioner*/

address = ADDRESSO;
set_one(address,&readflag);/*set up PC23*/
*gofrag = readflag;
if (ireadflag)
printf("\nPositioner %x failed to go home\n", address);
address = ADDRESS1;
set_one(address, &readflag);
*gofrag = *gofrag && readflag;
if (treadflag)
printf("\nPositioner Xx failed to go home\n", address);

)

/* function gig1700() */
/* */
/* function to set up the interferometer */
r* */

/* function causes the control computer to assume control of the IEEE-488 */
/* bus, set up the interferometer, set it to ASCIl mode, and query for an */

/* acknowledgment from the interferometer. */
/* */
/* NOTE: ACTUAL IMPLEMENTATION OF INTERFEROMETER FUNCTIONS AWAITS FURTHER */
/* TECHNICAL INFORMATION FROM PERKIN-ELMER. FOR THE MEAN TIME, DUMMY */
/* VERSIONS OF THE FUNCTIONS HAVE BEEN IMPLEMENTED. */
/* */
/* Input data: none */
/* */
/* Output data: */
/* z - TRUE => interferometer responded as expected */
/* */
/* Functions called: none */
/* */
/**********t****tti*ii***ti'itt*itti******ttt**tt***&i***l‘*i**t*tti*****tt*ﬁ/
9i1g1700()
<

return(TRUE);
)
/* function ungig1700() */
/* */
/* function to return interferometer to conventional mode */
/* */
/* function causes the control computer to relinquish control of the GPIB */
/* bus, set interferometer to binary mode, and return control to the */
/* interferometer controller keyboard. */
/* */
/* NOTE: ACTUAL IMPLEMENTATION OF INTERFEROMETER FUNCTIONS AWAITS FURTHER */
/* TECHNICAL INFORMATION FROM PERKIN-ELMER. FOR THE MEAN TIME, DUMMY */
/* VERSIONS OF THE FUNCTIONS HAVE BEEN IMPLEMENTED. */
/* */
/* Input data: none */
* *y
/* Output data: */
/* z - TRUE => interferometer responded as expected */
* */
/* Functions called: none */
r* */
/***t****t***tt*******tt*t******i****t******t*****tt*****t*****ii*****tt*i’i/
ungig1700()
(

return(TRUE);




/* function move_stage() */
’* */
/* Executes absolute translation of stage in 3 dimensions */
* */
/* Before this function is invoked, other functions have initialized the */
/* positioner and send commands setting the home position, velocity, */
/* and acceleration. The mode has been preset to absolute displacement */
/* with respect to home coordinates. */
/* */
/* The function reveives a copy of the cell number, the motor controller */
/* address, and a pointer to the to the array of coordinates, from the */

/* calling function. It selects the three appropriate coordinates from the */
/* array, formulates the displacement strings, sends the strings to the */

/: positioner, and sends the "“go" message to the positioner. :/
/ /
/* input data (parameters from calling function): */
/* jj - cell number */
/* addr - 1/0 address of motor controller */
/* coords - array of positioniing coordinates */
/* '/
/* output data (parameter to called function): */
/* s - string sent to positioner via writecmd() */
/* Note: actual output is new location of positioner */
I* */
/* functions called: */
/* writecmd() - sends string to positioner */
/* */

/Q*i*******i*****i*****'i******************t**t***********t***i*****i***t***/

move_stage(jj,addr,coords)

int jj;/*cell number*/

int addr;/*1/0 address of motor controller*/
long coords[] [3];/*list of coordinates*/

(
char s[81);/*string sent to controller*/
int i;/*loop counter*/
char s1[17);/*axis portion of string*/
char s2[2] = "D";/*command portion of string*/
char s3[17];/*actual displacement in motor steps*/
char s4[81]1;/*positioner response buffer*/
long temp;/*temporary coordinate placeholder*/

for (i=1;i<=3;i++) /*i is axis number */
L4
temp = coords([jjl[i-1];
ltoa(temp,s3,10);
itoa(i,s1,10);
strcpy(s,s);
strcat(s,s2);
strcat(s,s3);
strcat(s," ");
printf(*\nString %s sent to positioner\n",s);
writecmd(addr,s); /*send displacement to positioner*/
)
strepy(s,“6123 ");
printf("\nString Xs sent to positioner\n",s);
writecmd(addr,s); /*make the stage go*/
writecmd(addr,"* 1PR ");
readanswer(addr,sé);
printf("\nAxis 1 is at Xs\n",s4);
writecmd(addr," 2PR ");
readanswer(addr,sé);




printf("\nAxis 2 is at Xs\n",Ks4);
writecmd(addr," 3PR ¥);
readanswer (addr,s4);
printf("\nAxis 3 is at %Xs\n",s4);

)

/* function do_files() */
r* */
/* function initializes data arrays from external files */
A */
/* Input data (parameter arrays received from lower level functions): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* al = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* cell0 = cell in which spectra are taken */
/* specfsO = number of spectra to be taken */
/* s_arr = filenames containing spectra */
/* tvf = training verification flags */
/* f_arr = list of composition vectors */
> */
/* Output data (parameter arrays sent to calling function): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* al = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* cell0 = cell in which spectra are taken */
/* specfsO = number of spectra to be taken */
/* s_arr = filenames containing spectra */
/* tvf = training verification flags */
/* f_arr = list of composition vectors */
/* */
/* Functions called: */
/* cellfunc() - brings in data from cell files */
/* feedbackl1() - prints cell file data to screen */
/* specfunc() - reads data from spec).dat to memory */
/* feedback3() - prints spectrum description to screen */
/* */

/*t******itt***tt**t**tt****i'ﬁittil‘**tttiﬁ**t************ttt**t***t***ttt*/

do_files(f,a0,al,g,string_array, scans,scount, norm,spect,cel l0,specfs0,
s_arr, tvf,f_arr)

int f();/*TRUE => cell is active*/

long a0[] [3]);/*excite positioner coordinate vectors*/

long al[)[3];/*receive positioner coordinate vectors*/

int g{l;/*number of components in this cell's mixture*/

char string_array[] [MAXCOMPS] [MAXSTR] ; /*composition strings*/

int scans(];/*number of scans used for current cell*/

int scount[]);/*number of points in spectrum of current cell*/

float norm[];/*normalization indicator for current cell*/

int spect (] [MAXSPEC] ;/*spectrum wave numbers for current cell*/

int *cellO;/*cell in which spectrs are taken*/

int *specfs0;/*number of spectra in this set*/

char s_arr([][13];/*list of filenames*/

int tvfl)l;/*training verification flags*/




float f_arr([] [MAXCOMPS];/*composition vectors*/

(
int a;/*TRUE => cell files ok*/
int b;/*TRUE => description files ok*/
int c;/*TRUE => data moved ok from files to arrays*/
int cell;/*cell number input buffer*/
int specfs;/*number of spectra input buffer*/
a = cellfunc(f,a0,a1,g,string_array, scans, scount,norm,spect);
feedback1(f,a0,al1,g,string_array,a,scans,scount,norm,spect);
if ca)
<
b = specfunc(g,&cell,&specfs,s_arr, tvf,f_arr);
if (b)
{
feedback3(glcell], cell, specfs,s_arr,tvf,f_arr);
*cellO = cell;
*specfs0 = specfs;
)
)
if (1(flcell]))
{
printf("\nSpecified cell is inactive\n");
a = FALSE;
)
c =adékb;
return(c);
)
/* function file_spec() */
/* */
/* function reads data from spectrum array into file */
/* */
/* function opens named file and writes spectral data then closes */
/* : */
/* input data: */
/* j - spectrum number to be filed */
/* count - number of points in spectrum */
/* string_arr - list of spectrum filenames */
/* f_arr - spectrum vector */
r* */
/* output data (paramaters): */
/* Llist of spectrum values */
/* */
/* functions called: none */
/* */

/*i*i*****************t***i**t********tt****t***ttt***i*tt******tﬁﬁ*********/

file_spec(j,string_arr,count,f_arr)

int j;/*spectrum number*/

int count;/*number of components in spectrum vector*/

char string_arr{] [13];/*list of filenames*/

float f_arr[];/*spectrum vector*/

24
/*local declarations and initializations*/
int i;/*loop counters*/
int d;/*conversion counter*/
int ¢ = TRUE;/*TRUE => all data has been gotten from file*/
FILE *fj,*fopen();/*file handling pointers*/
char sbuf13);/*local string buffer*/

/*function starts doing work here*/
strcpy(sbuf, (&string_arr[01 [0]) + (13*)));
fj = fopen(sbuf,"w");

if (fj = NULL) /*if file opened*/




(
for (i=0;((i < count) && (c));i++)
(
d = fprintf(fj, v%f\n", f_arr[il);
printf("%Xf\n", f_arr[il);

if (d==0)
L8
printf("\nElement Xd did not go into Xs\n",i,sbuf);
¢ = FALSE;
)
>
fclose(f]);
)
else
{
printf("\nXs failed to open\n",sbuf);
¢ = FALSE;
)
return(c);
)
/* Second Level - Functions First Called by First Level Functions */
/* function specfunc() */
* */
/* function reads data from speco.dat file into memory */
/* */
/* function opens spec0.dat, reads the cell number and number of spectra, */
/* then it reads the filename and composition vectors for the sets of */
/* spectra of known mixtures */
’* */
/* input data: */
/* specCB.dat - cell number, number of spectra, filenames, compositions */
/* g - vector of component counts per cell */
r* */
/* output data (paramaters): */
/* cell - cell number in which spectra will be taken */
/* specfs - number of spectra that will be taken */
/* string_arr - list of spectrum filenames */
/* tvf - training verification flag vector */
/* f_arr - list of composition vectors */
/* */
/* functions called: none */
/* *

/***t*****l‘*********************t*************t*************i**i**'k***t***‘t*/

specfunc(g,cell, specfs,string_arr,tvf,f_arr)

int gl);/*vector of number of components in mixture*/

int *cell;/*number of cell in which spectra will be taken*/
int *specfs;/*number of spectera to be obtained*/

char string_arr{) [13];/*list of filenames*/

int tvf[l;/*training verify flags*/

float f_arr[] [MAXCOMPS];/*list of composition vectors*/

{

/*local declarations and initializations*/

int i,j;/*loop counters*/

int b = 0;/*local count of spectra*/

int a = 0;/*local cell number*/

int d;/*conversion counter*/

int ¢ = TRUE;/*TRUE => all data has been gotten from file*/
FILE *fj,*fopen();/*file handling pointers*/

char sbuf[13];/*local string buffer*/

float fbuf;/*local floating point variable buffer*/

int components;/*component count*/




/*function starts doing work here*/
fj = fopen("specO.dat","r");
if (fj 1= NULL) /*if file opened*/
L4
d = fscanf(fj,"Xdxd", &a,&b);/*read first two entries*/
if ((d == 2) 8% (a < 5) && (a > -1) && (b <= MAXSFILES))
{
components = glal;
*cell = a;
*specfs = b;
for (i=0;((i<b) && (c));i++)/*i points to the current spectrum*/
/*as long as all goes well*/
/*read next filename, flag, and composition vector from file*/
{
d = fscanf(fj,"Xs", sbuf);
if(d==1)
{
strepy((&string_arr{0] [0)) + (13*i),sbuf);
/*read the train/verify flag*/
d = fscanf(fj, "%d", (&tvflil));
if (d==1)
{
for (j=0;((j<components) && (c));j++)
/*read each element of composition vector*/

(
d = fscanf(fj,"%f", &fbuf);
if (d==1)
f_arr[il [j] = fbuf;
else
L4
¢ = FALSE;
printf("\nComposition vector incorrectly read\n");
)
)
)
else
¢ = FALSE;
printf("\nTraining verify flag incorrectly read\n");
>
)
else
¢ = FALSE;
printf("\nSpectrum filename incorrectly read\n");
)
>
)
else
L4
¢ = FALSE;

printf("\nFirst two conversions in spec0.dat failed\n");
printf("or cell number not between 0 and 4\n");
printf("or number of spectra exceeds MAXSFILES\n");
)
fclose(fj);
}
else
{
printf("\nspecO.dat failed to open\n");
¢ = FALSE;
}
return(c);
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/* function feedback3() */
/* */
/* function writes data obtained with specfunc to screen */
/* */
/* input data(parameters): */
/* components - number of components in mixture */
/* cell - cell number */
/* specfs - number of spectra */
/* string_arr - list of spectrum files */
/* tvf - training verification flag vector */
/* f_arr - list of composition vectors */
/* */
/* output data(displayed to screen): */
/* components - number of components in mixture */
/* cell - cell number */
/* specfs - number of spectra */
/* string_arr - list of spectrum files */
/* tvf - training verification flag vector */
/* f_arr - list of composition vectors */
/* *y
/* functions called: none */
/* */

/*****************t******tit**************t*ti**t*ii***'ﬁﬁ*****Iti***ﬁ*******/

feedback3(components,cell,specfs,string_arr, tvf, f_arr)

int components;/*number of components in mixture*/

int cell;/*number of cell in which spectra will be taken*/
int specfs;/*number of spectera to be obtained*/

char string_arr[)[13];/*list of filenames*/

int tvf[);/*training verify flags*/

float f_arr([) [MAXCOMPS];/*list of composition vectors*/

{
/*ltocal declarations and initializations*/
int i,j;/*loop counters*/
int b;/*local count of spectra*/
int a;/*local cell number*/
int d;/*conversion counter*/
int ¢ = TRUE;/*TRUE => all data has been gotten from file*/
FILE *fj,*fopen();/*file handling pointers*/
char sbuf[13);/*local string buffer*/
float fbuf;/*local floating point variable buffer*/
/*function starts doing work here*/
printf("\nCell %d has %d components and %d spectra\n"
,cell, components,specfs);
for (i=0;i < specfs; i++)
{
strepy(sbuf, (&string_arr[01[0)) + (13*i));
printf(“\nXs\n",sbuf);
printf("\n%d\n", tvf[il);
for (j=0;] < components; j++)
{
fouf = f_arr[i)[j];
printf("Xf v, fbuf);
)
printf("\n");
)
)
/* function cellfunc() */
Ad */
/* function initializes data arrays from cell files */
I* */
/* Input data (data in ascii files cellad.dat through cellaS.dat): */
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/* f = cell status vector -- TRUE => cell is active */

/* a0 = excitation positioner coordinate vectors */
/* al = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* */
/* Output data (parameter arrays sent to calling function): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* a1 = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* */
/* Functions called: none */
/* *

/**************il‘***************************ﬁ**************'*******i**t**ﬁ/

cellfunc(f,al,al,g,string_array,scans,scount,norm,spect)

int f[1;/*TRUE => cell is active*/

long a0[] [3];/*excite positioner coordinate vectors*/

long al[1[3];/*receive positioner coordinate vectors*/

int gl1;/*number of components in this cell's mixture*/

char string_array(] IMAXCOMPS] [MAXSTR] ; /*composition strings*/
int scans[];/*number of scans used for current cell*/

int scount[l;/*number of points in spectrum of current cell*/
float norm(];/*normalization indicator for current cell*/

int spect[] [MAXSPEC];/*spectrum wave numbers for current cell*/

(
/*local declarations and initializations*/
char *c;/*string input checker*/
char s[MAXSTR);/*string input buffer*/
char check [MAXSTR} ;/*checkout string buffer*/
int cellok = TRUE;/*TRUE => cell files opened and had good data*/
int i;/*loop counter*/
int d;/*conversion counter*/
int max;/*place holder*/
int j;/*current cell number*/
static char file_list[51[13] = (
"cel la0.dat"”,
ucellal.dat®,
"cel la2.dat”,
"cel la3.dat",
Nicel la4.dat"
}; /*files containing cell data*/
char cell[13);/*name of current cell file*/
FILE *fp,*fopen();/*file handling pointers*/

/*the function starts doing work here*/
for (j=0;((j<5) & cellok);j++)
/*open the jth file in turn*/
/*copy its data to the jth position in each array*
/*close each file before opening the next*/
/*loop does not procede beyond first bad cell*/
(
strepy(cell, (&file_List[0][01) + (13*)));
fp = fopen(cell, “r¥);
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if (fp 1= NULL) /*if file opened*/
{
d = fscanf(fp,"%d",&f[j1);
if (d == 1) /*if first character was successfully read*/
{
if (FLj] == 1) /*if jth cell is active*/
(
d = fscanf(fp, "4ldXldXidX|d%ld%ldXdXfXd",&a0(j] [0],&a0(}] (1],
&a01[j1[2]1,&a1(j](0),&a10j111),8a1(jl[2],&scans[j],&norm[j],&scount([j1);
if (d == 9) /*if next 9 data points were successfully read*/
¢
for (i=0;i<3;i++)
printf("\nal[Xd] [Xd]=Xld a1[%d] [Xd]=Xld\n",
j,1,a0L0j1Li1,j,1,a1L))Li));
printf("\nNumber of scans is %d\n",scans(jl);
printf("\nNormalizing marker is Xf\n",norm[jl);
printf("\nNumber of spectrum points is %d\n",scount[jl);
if (scount([j) > MAXSPEC)
<
max = MAXSPEC;
printf("\nSpectrum points for cell %d > %d\n", j,max);
cellok = FALSE;
)
else
for (i=0;((i<scount[j]) && cellok);i++)
<
d = fscanf(fp,"%d", &spect[j1[il);
ifdli=1)
{
cellok = FALSE;
printf("\nSpectrum not right for cell Xd\n",j);
)
)
if (cellok)
for (i=0;i<scount[j];i++)
printf("\nCell Xd spectrum point Xd is Xd\n",j,i,spect[jl1[il);
if (cellok)
{
d = fscanf(fp,"%d",&glj));
if (dt=1)
(
printf(*\nComponent count not correctly read\n");
cellok = FALSE;
)
)
else
printf("\nNo attempt to read component count\n");
if (cellok)
<

printf("\nNumber of strings is Xd\n",g{jl);
if (g[j] > MAXCOMPS) /*if there are more than MAXCOMPS components*/
C
cellok = FALSE;
max = MAXCOMPS;
printf(*"\nNumber of components in cell Xd > Xd\n",j, max);
)
>
if (cellok)
(
fgets(s,MAXSTR-1,fp); /*read rest of line and ignore*/
for (i=0;((i<gljl) && cellok);i++)
{
¢ = fgets(s,MAXSTR-1,fp); /*read next composition line*/
if ((c == NULL) |} (strlen(s) == 0))
4
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cellok = FALSE;

printf("\nString not right in cell Xd\n",j);
)
else

printf("\nString number Xd is Xs\n",i,s);
strepy((&string_array[j]l [01[0)) + (MAXSTR*i),s);
)
)
h)
if (cellok)
for (i=0;i<gljl;i++)
L4
strepy(check, (&string_array[j1[01[01) + (MAXSTR*i));
printf("\nstring i=%d j=X%d is Xs \n",i,j,check);
b
)
else

printf(*\nfscanf cell Xd did not make 9 conversions\n", j);
cellok = FALSE;
)
)
else
printf("\ncell Xd not active\n",j);
)
else
(
printf("\nfscanf did not make first conversion in cell %d \n",j);
celtok = FALSE;
)
fclose(fp); /*done with jth file -- close it*/
}
else

printf(*\nfile %s failed to open\n",cell);
cellok = FALSE;
>
>
if (cellok)
printf("\ninput of data from cell files to arrays went well\n");

else

printf(*\nInput of data from cell files to arrays went badly\n");

return(cellok);
)
/* function feedbacki() : */
* */
/* function displays data arrays from cell files */
/* */
/* Input data (passed in as parameters): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
/* al = receiving positioner coordinate vectors */
/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* */
/* Output data (displayed to screen): */
/* f = cell status vector -- TRUE => cell is active */
/* a0 = excitation positioner coordinate vectors */
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/* al = receiving positioner coordinate vectors */

/* g = number of components in this cell's mixture */
/* string_array = composition strings */
/* scans = number of scans used for current cell */
/* scount = number of points in spectrum of current cell */
/* norm = normalization indicator for current cell */
/* spect = spectrum wave numbers for current cell */
/* */
/* Functions called: none */
/* */

/*I*t*tii*tt****i*'kﬁ****i***ﬁ*iﬁ***it******ttt*'ﬁttl‘ftt*i*****t**t*iit****t/

feedback1(f,a0,a1,g,string_array,a,scans,scount,norm,spect)
int f[1;/*TRUE => cell is active*/

long a0[) [3};/*excite positioner coordinate vectors*/

long a1[) [3);/*receive positioner coordinate vectors*/

int g{l1;/*number of components in this cell's mixture*/

char string_array[) [MAXCOMPS] [MAXSTR] ; /*composition strings*/
int a;/*TRUE => input data ok*/

int scans(];/*number of scans used for current cell*/

int scount();/*number of points in spectrum of current cell*/
float norml[];/*normalization indicator for current cell*/

int spect[) [MAXSPEC];/*spectrum wave numbers for current cell*/

{
int i,j;/*loop counters*/
char check [MAXSTR]; /*check string*/
if (a)
{
for (j=0;j<5;j++)
4
printf("\nCell Xd : In use flag = %d \n",j,f[j1);
if (fLjl == 1)
(
for (i=0;i<3;i++)
printf("\na0[%d] (Xd1=%ld a1[¥d] [Xd]=Xld\n",
j.i,800j1C1),5,1,a1Lj)Li1);
printf("\nNumber of scans = %d\n",scans[j]);
printf(“\nNormalization indicator is Xf\n",norm{jl);
printf("\n %d points used in spectrum\n",scount[jl);
for (i=0;i<scount[jl;i++)
printf("\nSpectrum point %d is %d\n",i,spect[j1[il);
printf("\nNumber of strings is %d\n",g(j]);
for (i=0;i<gljl;i++)
(
strepy(check, (&string_array[j1[0] [01) + (MAXSTR*i));
printf("\nstring i=Xd j=Xd is Xs \n",i,]j,check);
)
)
)
printf("\nInput of data from cell files to arrays went well\n");
)
else
printf("\nInput of data from cell files to arrays went badly\n");
)
/* function set_one() */
/* */
/* function sends strings to the selected positioner to */
/* activate the home limit switches */
/* move all three axes home */
/* set default velocities and accelerations */
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* set to absolute mode */

/* */
/* input data: */
/* address - furnished by calling function */
/* */
/* output data: */
/* gofrag - passed to calling function */
/* */
/* functions called: */
/* writecmd() - send a string to the positioner */
/* */

/**i****************i'ﬁ***i*t*ttt*****tﬁtﬁi**ﬁ*t**i*********ttttii'i****“'**ﬁ/

set_one(address,gofrag)
int address;/*1/0 address of PC23 board*/
int *gofrag;/*TRUE => all 3 axes found home*/

L4
int i;/*loop counter*/
static char message[18) [8] /*messages to positioner*/
={
"ILDO ", /*activate axis 1 limit switches*/
u2LD0 ", /*activate axis 2 Limit switches*/
w3LDO ", /*activate axis 3 limit switches*/
"1GH+5 ", /*move axis 1 to home position*/
“2GH+5 ", /*move axis 2 to home position*/
"3GH+5 ", /*move axis 3 to home position*/
"IRC ", /*did axis 1 go home? */
W2RC ¥, /*did axis 2 go home? */
W3RC ¥, /*did axis 3 go home? */
“1A10 ", /*set axis 1 acceleration to 10 rev/sec/sec */

WIMPA %, /*set axis 1 to absolute mode */
W2MPA ¥, /*set axis 2 to absolute mode */
W3MPA " /*set axis 3 to absolute mode */

b H
char s[81];/*status message from positioner*/
char motormove[8];/*string sent to positioner*/
int homeflag = TRUE;/*TRUE => axis went home */

w2A10 v, /*set axis 2 acceleration to 10 rev/sec/sec */
"3A10 ", /*set axis 3 acceleration to 10 rev/sec/sec */
"1vi10 “, /*set axis 1 velocity to 10 rev/sec */
"2v10 ", /*set axis 2 velocity to 10 rev/sec */
"3v10 ", /*set axis 3 velocity to 10 rev/sec */

*gofrag = TRUE;
for (i=0;i<18;i++)
4
strcpy(motormove, (&message [0] [0] )+(8*i));
printf(u\nt);
printf("String %s sent to positioner\n", motormove);
writecmd(address,motormove);
if ((i>5) && (i<9))
(
readanswer(address,s);
printf("\nPositioner response is Xs\n",s);
if ((s[2] == '*') & (s[3] == '3"))
printf("\nPositioner went home\n");
else
(
printf("\nPositioner did not go home\n");
*gofrag = FALSE;
)

)




/* function initialize() */

/* Function to reset the PC23 board */
/* This function assures that the board is ready to accept commands from */
/* program. The PC23 must have its address set for the first value in the */

/* user data file, or the program will exit. (ie goflag will clear) */
* */
/* input data: */
/* adr - 1/0 address of port */
/* */
/* output data: */
/* gofrag - TRUE => port set up ok */
/* */
/* functions called: none */
/* *

/i***********************ii*ttt**ftt**********i****ttt****tti*********i***t*/

initialize(adr,gofrag)

int adr; /*address of PC23 board*/

int *gofrag;/*TRUE => board set up OK */

(
/* local declarations and initializations*/
int i=0;/*loop counter*/

/*function starts here*/

/* Page 30 step 1 */

/* STOP mask forces bits 2, 5 and 6 high*/

/* bit 2 times out and stops the watchdog timer */

/* bit 5 restarts the watchdog timer */

/* bit 6 resets the interrupt latch */
outp(adr+1,STOP); /* stop whatever the port is doing */

/* Page 30 step 2 */
/* wait for bit 5 to go high indicates port fail*/
while (!((inp(adr+1)) & FAIL))

/* Page 30 step 3 */

/* START mask forces bit 6 high */

/* this resets the interrupt latch */
outp(adr+1,START);

/* Page 30 step & */

/* CB mask forces bits 5 and 6 high */

/* this resets interrupt latch and watchdog timer */
outp(adr+1,CB);

/* Page 30 step 5 */

/* START_M mask is all bits high but 7 */

/* RESTART mask is bits 0, 1, 2 and 4 high */

/* indicates motors not running and input data buffer ready */
/* loop causes the system to wait for this pattern */

/* to appear, but it gives up after 32000 iterations */

while ((Cinp(adr+1) & START_M) != RESTART) && (i++ 1= MAXINT))

if (i >= MAXINT) /* PC23 timed out */
{

printf("Initialization of PC23 timed out\n");
*gofrag = FALSE;/* will force main() to quit */




*gofrag = TRUE; /*all is well - PC23 did initialize*/

/* Page 30 step 6 */

/* INTCLR mask is but 5 high */
/* restarts watchdog timer */
outp(adr+1, INTCLR);

/* Page 30 step 7 */
/* CB mask forces bits 5 and 6 high */
/* this resets interrupt latch and watchdog timer */

outp(adr+1,CB);
)

)
/* writecmd() */
r* */
/* function writes a command string to the PC23 port */
/* program writes command to port by sending one character at a time */
/* */
/* input data: */
/* adr - address of port */
/* msg - command message */
/* */
/* output data: */
/* s - individual message characters sent to port */
/* */
/* functions called: */
/* writech() - send one character to port */

* */

/*******************************************t*t*****it*********************/

writecmd(adr,msg)
int adr;/*address of PC23 board*/
char msg(];/*command string*/

{

/*this loop starts by pointing at the initial character in */

/*the array. it writes the character to the address then advances*/

/*the string pointer. when the thing pointed at by the string */

/*pointer is 0, as at the end of string marker, the loop quits */

while (*msg) /*while thing pointed at is not zero, keep going*/

writech(adr,*msg++); /*write character being pointed at*/

)
/* function readanswer() */
/* */
/* function reads status request response string from PC23 */
/* */
/* input data: */
/* addr - address supplied by calling function */
/* msg - string received from PC23 port *)
* */
/* output data: */
/* msg - string passed back to calling function */
/* */
/* functions called: */
/* readch - reads one character from port */
* *

/**********************i*************************************************t*/

readanswer(adr,msg)
int adr;/* address of PC23 port */
char msg(1;/* holder for string */
{
/*go get a character from the port*/
/*write it to the address pointed at by msg*/
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/*advance pointer to next address*/
/*keep going until you get end of line marker*/
while ((*msg++ = readch(adr)) != RETURN)

*msg = l(Dl;/*end of string*/

)

/* Third Level - Functions First Called by Second Level Functions */
/* function writech() */
A */
/* Function writes a single character to the PC23 port */
/* */
/* Input data: */
/* addr - address of PC23 port */
/* alpha - character passed in from calling function */
/* */
/* Output data: */
/* alpha - character written to port */
/* */
/* Functions called: None */
/* */

/*t********tt*****i***t******tt****ii***ttt'ﬁiit*i****ii***t*t*tii*t***tt**t/

writech(addr,atpha)

int addr;/*address of PC23 port*/

char alpha;/*character being sent*/

/* Page 30 step 1 - ASCII character passed as parameter */

{
/* Page 30 step 2 */
/*wait until bit 4 becomes 1*/
/* wait for input data buffer to become ready to receive data*/
while(!(inp(addr+1) & IDB_M))

/* Page 30 step 3 */
outp(addr,alpha);/*send character*/

/* Page 30 step 4 */

/*raise bits 4 5 6 */

/* bit 4 transmit character from buffer to system*/
/* bit 5 reset watchdog timer */

/* bit 6 reset interrupt latch */
outp(addr+1,1DB);/*send command byte*/

/* Page 30 step 5 */
/*wait for input data buffer to clear*/
while(inp(addr+1) & IDB_M)

/* Page 30 step 6 */
/*reset watchdog timer*/
/*reset interrupt latch*/
outp(addr+1,CB);

/* This step not described on page 30 */
/*wait for input data buffer to become ready to receive data*/
while(!(inp(addr+1) & IDB_M))

>

/*function readch() */
/* */
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/* Function reads one character of a PC23 response to a status request */

/* returns character response. */
r* */
/* Input data: */
/* addr - address provided by calling function */
/* alpha - character provided by PC23 */
’* */
/* Output data: */
/* alpha - character returned to calling function */
* */
/* Functions called: None */
* */
/**t*i******ttttt***t*ti***t'k**t*t*tﬁt***ttttitttt*tttttttt*ttit**t**tt*ttt/
readch(addr)

int addr;/*address of PC23 port*/

{

/* Page 30 step 1 */
char alpha=0;/*character to be fetched from PC23 and returned*/

/* Page 30 step 2 */

/*wait for a 1 at bit 3 */

/*wait until output data buffer is ready*/
while(!(inp(addr+1) & ODB))

’

/* Page 30 step 3 */
alpha = inp(addr);/*fetch a character from output data buffer*/

/* Page 30 step 4 */

/* bit 71 got it ¥/

/* bit 6 reset interrupt latch */

/* bit 5 reset watchdog timer */

outp(addr+1,ACK); /*acknowledge receipt of character*/

/* Page 30 step 5 */
/*wait until output data buffer is not ready */
while(inp(addr+1) & 0DB)

/* Page 30 step 6 */

/*reset interrupt latch and watchdog timer*/
outp(addr+1,CB);

return(alpha);
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